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and M.Sc. Juliana Maya. Their participation, input and recommendations were a

fundamental part for the successful orientation and development of this research.

Furthermore, Engineer Carlos Mario Ospina is worthy of special thanks for its accom-
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ABSTRACT

Sánchez A., Alejandro; Sarmiento G., Sebastián M.Sc., Universidad EAFIT, April
2019. Diagnosis evaluation of the Coffee Leaf Rust development stage in the Colom-
bian Caturra variety integrating Remote Sensing, Wireless Sensor Networks and Deep
Learning. Major Professor: M.Sc. David Velásquez Rendón.

Coffee Leaf Rust is a fungal epidemic disease that has been negatively affecting cof-

fee trees in Colombia since the 1980s. At the national level, it has caused massive

defoliation and, in extreme cases, this disease has led to devastating losses reaching

between 70 % and 80 % of the harvest. In this regard, the early diagnosis of key pat-

terns that may indicate the presence of the disease would contribute strategically to

minimize the impact on the crops and therefore strengthen the farmers’ profitability.

Different studies have proven the benefits of using technological methods for identi-

fying those patterns. Hence, in this research, a technological integration of Remote

Sensing, Wireless Sensor Networks and Deep Learning was developed with the pur-

pose of evaluating its performance regarding the diagnosis of the Coffee Leaf Rust

development stage in the Colombian Caturra variety. To this end, a cyber-physical

data collection system, that automatically gathers data from a scale coffee crop and

transfers it to a remote server over the Internet, as well as a diagnostic model, which

achieved an F1-score of 0.775278, were implemented. The analysis of results revealed

a p-value of 0.231, which indicates that the difference between the disease diagnosis

made by means of a visual inspection and through the proposed technological inte-

gration is not statistically significant.

Keywords: Diagnosis, Coffee Leaf Rust, Development stage, Remote Sensing, Wire-

less Sensor Networks, Internet of Things, Deep Learning.
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1. INTRODUCTION

This chapter describes the problem that gave rise to the current thesis, presents the

general and specific objectives and exposes the contribution that was achieved with

this research project. The structure of the thesis is also explained at the end.

1.1 Problem description

Coffee is one of the world’s most popular drinks and merchantable commodities. Ev-

ery year, over 500 billion cups are consumed and over 158 million bags of 60 Kg are

produced. Coffee is grown in around 70 countries around the world in a region known

as The Bean Belt, which is located between the Tropics of Cancer and Capricorn, and

the world’s main producers are Brazil (2.72 billion Kg/year), Vietnam (1.65 billion

Kg/year) and Colombia (810 million Kg/year). Furthermore, the social impact of

the coffee growing industry is very significant because the people who depend on this

activity for all or most of their living exceeds 100’000,000 worldwide [1].

The market is divided into two groups, known as the standard and specialty markets,

according to the quality of the final product, which depends on the cultivated coffee

variety, the environmental conditions and the post-harvest process. This is measured

with a score between 0 and 100, known as the cup quality. When the cup quality is

less than 80 points, the coffee belongs to the standard market and its selling price

depends primarily on the New York Commodity Exchange. On the other hand, when

the coffee has a cup quality greater than or equal to 80 points, it belongs to the

specialty market and its selling price is at least twice the standard coffee price [2].

Nevertheless, it is a fact that coffee, which is cultivated with a view to the specialty
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market needs a more careful and judicious agronomic management.

Regardless of the product’s target market, coffee growers around the world face three

major challenges nowadays to preserve quality: i) unpredictable climate variations,

ii) presence of nutritional deficiencies and iii) attacks of pests and diseases. With

respect to the latter, for instance, the Coffee Leaf Rust, which is a disease considered

the main phytosanitary problem for coffee crops, causes in Latin America losses of 30

% on the efficiency of each harvest [3].

In the Colombian context, coffee is the most exported agricultural product followed

by cut flowers, bananas, cocoa and sugarcane [4]. In the country, there are more than

903,000 hectares dedicated to it and approximately 563,000 families depend directly

on this economic activity. The Colombian coffee has been considered one of the best

soft coffees in the world and this product has traditionally been of great importance

for Colombian exports. Nowadays, 14’000,000 bags of 60 Kg are exported every year

to the USA, Japan, Germany, among others countries [5].

In terms of employment generation and income distribution, coffee growing is a sec-

tor with superlative relevance for local economies and the maintenance of the social

fabric in many regions of the country. For this reason, it is justified to contribute

through solutions that strengthen the profitability of families engaged in this activity

and improve their life quality, either by increasing the selling price of the product,

reducing production costs or increasing the number of units produced per unit of

cultivated area.

One of the most relevant initiatives that promote the materialization of those solu-

tions is the Fondo Colombia en Paz (FCP by its acronym in Spanish). It serves as the

focal point for all institutional and financial efforts aimed at Colombia’s transition

towards a sustainable and durable peace. This instrument supports the realization
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of economic, social and environmental dividends associated with the interventions on

sustainable rural development, conservation of biodiversity and fight against climate

change. For achieving this transition, the FCP is leveraged in the work of national

and international institutions, which contribute to the same objective through 17

strategic axes [6].

One of those strategic axes is called Innovation for Rural Development, which con-

sists in the realization of research and innovation projects for the development of

agricultural and non-agricultural activities at the farm level, where efforts of the ru-

ral inhabitant, local entities and academy are articulated [6]. With the purpose of

contributing to this particular axis, the present project was born.

Among the main threats for strengthening the coffee growing families’ profitability,

nutritional deficiencies and phytosanitary problems stand out. Phytosanitary prob-

lems are caused by pests such as the Coffee Borer Beetle and diseases such as the

Coffee Leaf Rust, whose proliferation increases due to the drastic climate changes

(from long drought periods to extended rainy seasons) that occur in Colombia. In

the case of Coffee Leaf Rust, on occasions when the climatic conditions have been

unfavorable and the agronomic management deficient, at least 20 % of the total ex-

pected harvest was not able to be collected and the quality of coffee has deteriorated

dramatically, reducing the marketing price and increasing the costs associated with

its control [7]. In extreme cases of Coffee Leaf Rust in Colombia, the disease has

caused devastating losses that have represented between 70 % and 80 % of the total

harvest.

Although it is a disease of vertiginous spread and highly negative repercussions for

the coffee farmers’ economy, its detection and diagnosis are carried out by means of

visual inspections walking through the crops. The person in charge of administrat-

ing the plantations, which is usually the farm’s butler, makes a zig-zag route through
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each cultivated hectare and randomly selects 60 trees to count the number of diseased

leaves. Subsequently, he divides that value by the total number of leaves present in

the 60 trees and determines thereby the average infection in that particular area.

Then, depending on how advanced the Coffee Leaf Rust is, he decides which and

how much fungicide must be applied [7]. Unfortunately, because the process consists

in a visual inspection which is not done with enough regularity, most of the time,

the detection of the development stage of the disease is late, its control turns more

difficult and large economic losses are inevitable.

In view of the fact that the determination of the infection percentage of the crop is a

tedious task, which is also laborious, time-consuming and subject to human error and

inconsistency [8], the objective of this research project is to evaluate to what extent

it is possible to diagnose the Coffee Leaf Rust development stage in the Colombian

Caturra variety (the most susceptible to the disease) through a technological inte-

gration system that involves Remote Sensing (RS), Wireless Sensor Networks (WSN)

and Deep Learning (DL). An adequate management of Coffee Leaf Rust could pre-

serve the quality and selling price of the final product, reduce production costs by

rationing control costs and protect the productivity. In that sense, the purpose is

to contribute from the academy to facilitate the management of the most dangerous

disease in the Colombian coffee production in order to strengthen the profitability of

the rural inhabitant.

1.2 Objectives

This section presents the general and specifics objectives of the thesis. Their definition

is important to clarify the pursued purpose, guide the research process and evaluate

the obtained results.



5

1.2.1 General objective

To evaluate to what extent it is possible to diagnose the Coffee Leaf Rust development

stage in the Colombian Caturra variety through the integration of RS, WSN and DL

in order to facilitate the disease management to the coffee grower.

1.2.2 Specific objectives

• To analyze the results obtained in interviews with experts, through the consoli-

dation of the most relevant information, in order to detail the knowledge about

the study context and the Coffee Leaf Rust, and identify its repercussions in

the Colombian coffee growing industry.

• To define the most useful and relevant technological integration of RS and WSN

based on patent and papers, through creative design sessions, in order to build a

prototype that allows data collection in the field and its transfer to the Internet.

• To build the diagnostic model of the disease, through DL techniques using the

data collected and stored on the Internet, in order to subsequently evaluate the

Coffee Leaf Rust development stage in unknown field data.

• To create a simple user interface, through a web programming framework, in

order to visualize the results of the Coffee Leaf Rust development stage diagnosis

using the generated model.

• To compare the results of the diagnostic model with those of a traditional visual

inspection, through the use of unknown data from the same scale coffee crop

and from the same real crop, in order to measure the performance in terms of

the calculated development stage of the disease.
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1.3 Contribution

The motivation of this research project is to contribute to the rural development

through technological innovation in order to strengthen the profitability of Colom-

bian coffee growers. Colombian coffee participates strongly in the standard market

but it has the potential in terms of environmental conditions and diverse ecosystems

to generate a giant portfolio of exotic products which would be better valued in the

specialty market [9], where sales are increasing by 20 % per year having Kenya and

Ethiopia as the protagonists [1]. Nevertheless, most coffee growers prefer to cultivate

varieties that are not the most suitable to produce specialty coffee because their resis-

tance to Coffee Leaf Rust makes the agronomic management easier and the associated

risk lower. In that sense, this Master thesis evaluates a technological approach that

pretends to facilitate the diagnosis of the disease and mitigate its risk in order to moti-

vate the cultivation of varieties like Caturra, that help to achieve higher cup qualities.

To support that contribution, this project provides empirical evidence of a prototype

that integrates RS, WSN and DL, which materializes the proposed technological inte-

gration architecture for diagnosing the Coffee Leaf Rust development stage. Through

this prototype, the performance evaluation is made and the results are presented in

order to conclude to what extent it is possible to diagnose the disease in question.

This information can be useful for coffee growers to determine whether an integration

of RS, WSN and DL could positively impact their profitability or not.

The problematic that the project, object of this Master thesis, is addressing has

an increasing interest, because the achieved results could have relevance at differ-

ent levels. At the institutional level, Universidad EAFIT is working on ambitious

projects related with energy efficiency and Precision Agriculture (PA) in the frame

of a government call for improving the quality of the Colombian Higher Education

Institutions named Colombia Cient́ıfica (Scientific Colombia) [10]. Additionally, at
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the regional level, the Department of Antioquia, where the project was developed, is

the main agricultural producer in Colombia and thus, one of the main stakeholders

in technological innovation processes for the rural development [11]. Finally, at the

national level, there are several calls for research oriented to the use of science and

technology in order to innovate and contribute to the construction of a sustainable

and durable peace, such as Jóvenes Investigadores e Innovadores por la Paz 2017

(Young Researchers and Innovators for Peace 2017) [12].

Indirectly, this project contributes to the 9th Sustainable Development Goal of the

17 proposed by the United Nations. It aims to support the goal “Build resilient

infrastructure, promote sustainable industrialization and foster innovation” consider-

ing that the technological innovation promotes investments in infrastructure, which

are crucial to empower the rural community and improve their living standards and

activities in terms of progress, productivity and income generation. Finally, it is

noteworthy that this Master thesis is aligned with the United Nations thought, which

states that “without technology and innovation, industrialization will not happen,

and without industrialization, development will not happen” [13].

1.4 Thesis structure

The thesis is structured according to the Design Inclusive Research (DIR) [14] and

Pahl & Beitz [15] methodologies. Every chapter is intended to represent each of the

particular stages that constitute them.

In that sense, the next chapter describes the methodology used to structure and

develop this Master thesis. Chapter 3 of this document presents the observation that

was helpful to understand the study context and the Coffee Leaf Rust repercussions.

The research question is stated in Chapter 4 whereas the theoretical and conceptual

framework and the state of the art are elaborated in Chapters 5 and 6, respectively.
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Chapter 7 describes the design of experiment used to give statistical support to the

obtained results. The conceptual approach as well as the detailed design approach are

described in Chapters 8 and 9. Chapter 10 details the prototyping and presents the

outcomes of the proposed approach facing the problematic. Chapter 11 contains the

analysis of results and Chapter 12 states the conclusions. Finally, Chapter 13 deals

with the future scope of this research with some insights into further extensions.
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2. METHODOLOGY

This chapter presents the methodology that structures the research project. It is a

fundamental part for the realization of this Master thesis because it points and details

the different phases that systematize the achievement of results of the scientific study

in question.

This research is driven by the Design Inclusive Research (DIR) methodology, whose

objective is to provide a sound theoretical foundation and a robust methodological

approach for designerly inquiry to meet scientific rigor. DIR systematically inte-

grates the domains of research and design, offering the possibility to embed design

as a research means (such as an artifact, a process, an entity, etc.) and creating

new opportunities for exploring and constructing contextualized knowledge. In that

sense, DIR was selected as the framing methodology for this project because it allows

to structure the research in such a way that hardware, software, service products,

among others, can be used to create testable instantiations that support the validity

and feasibility proof of the initial ideas. The benefit of using DIR resides in the com-

bination of rigorous research and creative design because it integrates knowledge of

multiple domains and lends itself to multi-disciplinary approaches, which harmonize

the internal goals of research with the societal context of designing [14]. The general

process of DIR is presented in Figure 2.1.
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Fig. 2.1.: Major phases of DIR [14].

This methodology divides the research process into three phases: i) pre-study, ii)

embedded design process and iii) post-study. The first phase is composed by the ex-

ploratory research actions (exploration, induction and deduction), where knowledge

is aggregated, the current understanding of the phenomenon and existing approaches

are formulated, the research question is asked, the hypotheses are developed, the ob-

jectives of the design activities are set and theories are built in order to solve the

research problem. The second phase is recurrent and comprises the creative design

actions (conception, design and prototyping), where concepts, models and technolo-

gies are invented, prototypes are created to proof the validity and feasibility of the

ideas and experiments are carried out to enhance the understanding of the problem-

atic. Finally, the confirmatory research actions (proof, evaluation and generalization)

are executed on the third phase, where the hypotheses, theories and outcomes of the

design process are verified, the external validity of the research findings is discussed

and the results are consolidated, analyzing how they can be integrated to the existing

body of knowledge and generalized towards other applications [14].
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It is important to mention that for DIR’s second phase (embedded design process),

the Pahl & Beitz methodology was used. This methodology is correctly coupled to

the mentioned phase because it is split into similar stages and is strategic to increase

the probability of technical and economic success for the design process. Pahl &

Beitz has an initial stage for planning and clarifying the task, which seeks to clearly

establish the objectives of the solution to be conceived. There is another stage for the

conceptual design, where several concepts for solving the task are generated and eval-

uated in order to select the winning one. A further stage is used for the embodiment

design, where the selected concept is clarified and refined using external feedback.

Finally, the last stage of the methodology is the detailed design, which specifies and

structures the arrangement, forms, dimensions, properties, materials and technolo-

gies for the realization of the individual components that will constitute the refined

concept. The end result of this methodology, as seen in Figure 2.2, has the necessary

information for the materialization of the proposed solution [15].

Fig. 2.2.: Diagram representation of the Pahl & Beitz methodology [15].
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3. OBSERVATION

To start with the materialization of the research project in question, ten interviews

were conducted with experts of the Colombian coffee industry in order to analyze

and understand the study context. Directors of exports, along with agro-industry

instructors, masters in agricultural science and agrobusiness, agricultural and me-

chanical engineers, entrepreneurs, phytopathology leaders and quality assurance co-

ordinators, helped to better guide the research with their comments and experience

in the Colombian coffee field.

Thanks to their explanations, it was possible to determine which would be the tar-

get coffee variety and disease combination for this study and which considerations

would be important. The information collected with every interviewee as well as the

consolidated conclusions are presented in this chapter.

3.1 Leonardo Henao

He is the director of exports of Café de Santa Bárbara R© since 2011. This company

is in charge of buying dry parchment coffee (d.p.c.) from small producers, threshing

and roasting it and analyzing the coffee cup quality in order to commercialize/export

only specialty coffees (more than 17,400 coffee bags per year). He has twelve years

of experience regarding the coffee industry and studied a Master in Coffee Fermenta-

tion. 98 % of the company’s coffee, on which they work with, comes from the Caturra

variety due to its high quality and productivity. The company also buys Bourbon,

Geisha and a little bit of Colombia but it has no interest in the Castillo or Catimor

varieties, because they produce standard coffee. Café de Santa Bárbara R© only buys

coffee with a cup quality greater than 84 points since specialty coffee can access a
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higher selling price (greater than 1’000,000 COP per 125 Kg bag) and it is not as

volatile as standard coffee, which has been sold between 360,000 and 1’000,000 COP.

According to Leonardo, coffee growers seek to obtain certifications as Rainforest [16]

or UTZ [17] to give added value to their product and protect it from the price fluctu-

ation. Additionally, regarding the productivity and quality, he says that the biggest

challenges are the Coffee Borer Beetle and the Coffee Leaf Rust, which increment

their reproduction exponentially with the climatic variations. In Colombia, the Cof-

fee Leaf Rust is the worst phytosanitary problem since 1983 and it can spoil a whole

harvest. When the coffee suffers a severe attack of this disease, it may not meet the

Excelso UGQ 1260 norm (export quality requirements) [18] causing its selling price

to drop drastically. Thus, coffee growers prefer to renew their plantations with the

Castillo variety, which is resistant to the Coffee Leaf Rust, although it can harm their

cup quality.

Leonardo explains that the Coffee Leaf Rust infection is calculated counting the

number of affected leaves. In order to prevent the disease, sulfocalcium broth can be

applied after the flowering and before the harvest as an organic fungus management.

Traditionally, a commercial fungicide called TIMOREX or ALTO 100 SL is used.

There is not a regular monitoring of the Coffee Leaf Rust but the crop inspection is

carried out when there is a strong evidence or according to climatic variations. In

addition, Leonardo knows that there are initiatives to detect the disease in a non-

invasive way by analyzing the plant gas emissions or measuring the chlorophyll and

nitrogen levels with electromagnetic radiation.

The Director of Exports of Café de Santa Bárbara R© affirms that, in general, the Coffee

Leaf Rust is detected in an advanced development stage, when the fungus has already

sporulated. Under these conditions, the vascular system of the plant is invaded and

the effectiveness of applying a fungicide is very limited. He explains that the risk
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factors associated with the disease are a nitrogen-cooper ratio greater than 6:1 and

high humidity conditions. Furthermore, the answer of the plant to the presence of

the fungus is a decrease in the chlorophyll levels and photosynthetic activity, which

results in defoliation.

For Leonardo, the best coffee variety to cultivate is Caturra, if the crop is located

at minimum 1,600 m.a.s.l. and the climatic conditions are favorable. Otherwise,

the recommended variety is Castillo, which is more productive, has lower production

costs and will not be affected by diseases with the proper agronomic management.

Either way, he thinks that the accompaniment to the coffee growers is one of the most

important tasks, but he admits that it is impossible to visit each of them because of

their amount.

Leonardo is concerned that the differential which is added to the commercialization

of standard coffee according to the country is 12–15 USD cents for Colombia whereas

it is 1.20 USD for Guatemala and 2.80 USD for Kenya. Besides, Colombia was the

leader in cup quality until 1960, when the production came from Bourbon, Typica

and Caturra varieties. After the renewal with Castillo, the coffee economic relevance

decreased (from 65 % of the GDP in 1980 to 0.52 % nowadays) and the country lost

the reputation of producing the best soft coffee worldwide.

3.2 Juan Carlos Guerra

He is a business administrator who has been working for the last ten years with cof-

fee and its international commercialization. Juan Carlos is the owner of Green Hills

Coffee R©, a family business founded five years ago. The production farms are located

in Ciudad Boĺıvar, Antioquia. The company is in charge of producing, toasting, com-

mercializing and exporting coffee and his owner trusts in adding value to the product
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to achieve a differentiated result.

The variety Juan Carlos mainly works with is Caturra, because it is the one that

has given him the best results regarding the relation between cup quality, produc-

tivity and sustainability. He also cultivates Castillo, Red and Yellow Catuai, Red

and Yellow Colombia and Bourbon. Juan Carlos affirms that the Caturra variety is

very susceptible to the Coffee Leaf Rust and therefore requires a better agronomic

management. Furthermore, he mentions that the nutritional deficiencies due to poor

fertilizations and the uncontrollable climatic variations (El Niño and La Niña phe-

nomenons) negatively affect the productivity and quality of the Colombian coffee.

Moreover, the international price of Colombian coffee makes that the producer does

not generate any profit many times and even loses money, which directly harms his

sustainability.

Juan Carlos knows that the Coffee Leaf Rust is the main problem for the Caturra

variety. In addition, he mentions that the Coffee Borer Beetle is transversal to all

varieties and will always be present in the crops, which is why it is important to keep

it under control. As the negative pest/disease consequences, Juan Carlos highlights

that the excessive application of insecticides and fungicides can cause future rejec-

tions in the chemical analyses of the exported coffee. Additionally, the late detection

of those phytosanitary problems requires shock plans to try to save as much as pos-

sible, which are more expensive, laborious and deteriorate the cup quality, affecting

the coffee growers’ profits noticeably. There are also situations, where the plant is so

infected that a renewal by stumping is cheaper than trying to cure the tree, which at

the end results in time and productivity loss.

To manage the Coffee Borer Beetle and impede its reproduction in the farms, the

workers use a technique called “ReRe”, consisting in collecting and repelling ripe

coffee beans, or traps with methyl alcohol. Additionally, the workers carry out a
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visual inspection every week to detect pests/diseases or nutritional deficiencies and

they also perform various other tasks according to a calendar of activities (weed man-

agement, fertilization, fumigation, harvest, etc.). To determine if an application of

pesticide/fungicide is necessary, the workers walk through the crop, take samples and

measure the pest infestation or disease incidence levels.

Juan Carlos would like to incorporate more technology to his coffee company to char-

acterize the status of the crops and decide what action to take in order to prevent,

not to cure. The most technological tasks that he knows are the soil and foliar anal-

yses to detect nutritional deficiencies, but he is concerned that it takes more than

fifteen days to get the results. He affirms that technology is required for the Coffee

Leaf Rust continuous monitoring and early detection, because of the drastic climatic

changes. It would be very significant in order to avoid situations like the one in which

the workers of the farms realized that 50 % of the crop was already infected by the

disease.

The owner of Green Hills Coffee R© mentions that excessive rainfalls are favorable to

Coffee Leaf Rust onset, and hot and dry weather promotes the Coffee Borer Beetle

reproduction. Juan Carlos highlights the importance of controlling the Coffee Leaf

Rust, because it negatively affects the plant’s photosynthetic activity. The disease

reduces the radiation area, takes advantage of the leaves’ nutrients and causes severe

defoliation. Furthermore, he says that a poor production planning also increases the

plant susceptibility to those phytosanitary problems.

Juan Carlos affirms that the best coffee variety is Caturra because it allows him to

reach two times the price of the standard coffee, but he admits that the Coffee Leaf

Rust management is the main problem associated to its production. He also clarifies

that the cup quality depends not only on the coffee variety but also on the pre- and
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post-harvest processes. Juan Carlos adds that the delimitation and identification of

areas in the crop facilitates the agronomic management.

3.3 Jhon Wilson Mej́ıa

He is an Agricultural Engineer and studied a Master in Agricultural Science. He

worked for twelve years at the National Coffee Research Center in Colombia (CENI-

CAFÉ ) and nowadays works as a consultant in Oro Molido S.A. / African Plantation

Kilimanjaro R©, a coffee company in Antioquia (Colombia), Santa Marta (Colombia)

and Tanzania (Africa). The company is in charge of the whole process from the

sowing until the time before the threshing. Oro Molido S.A. / African Plantation

Kilimanjaro R© cultivates mainly Castillo variety (90 % – 95 %), its regional deriva-

tives and Caturra. It prefers the Castillo variety because it is resistant to the Coffee

Leaf Rust and more productive.

According to Jhon Wilson, the main problems for the coffee production are asso-

ciated with biotic (pests and diseases) and abiotic factors (nutritional deficiencies,

plant intoxication by pesticides/fungicides, flooded or dry soils, etc.). In addition,

the volatility of the standard coffee price and the USD exchange rate are risks to the

final selling price. The production costs are negatively affected by the control of Cof-

fee Leaf Rust and Coffee Borer Beetle, which are the main phytosanitary problems.

With the favorable climatic conditions and poor quality agronomic interventions,

these problems can also harm the productivity up to 70 %. Jhon Wilson explains

that the Coffee Leaf Rust reduces the coffee quality and causes the loss of 20 % of the

total harvest in five years. He also states that the presence of pests and diseases as

well as stricter environmental regulations require developing strategies to contribute

to the social and agro-ecological resilience.
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Jhon Wilson mentions that diseases like the Coffee Leaf Rust and Brown Eye Spot

and pests like the Coffee Borer Beetle, Coffee Leaf Miner and Red Spider damage the

coffee grower’s income function, because they act against the agronomy’s objectives:

the control cost increases, the selling price decreases due to bad ripening of the coffee

berries, and the number of units produced per unit of cultivated area gets reduced.

For instance, the Coffee Leaf Rust decreases the photosynthetic tissue, parasitizes the

photoassimilates of the tree, which are used in the process of filling the grains, and

reduces the absorption capacity of the coffee berry.

In order to protect the crops from diseases and take care of the sustainability, Jhon

Wilson recommends planting resistant varieties, keeping the right nutritional status

and using fungicides effectively. The application of fungicides can be preventive or

curative and it is done according to a fixed calendar of activities or the measured in-

cidence levels. To determine the disease incidence level, the farm workers walk every

month through the crop, take ten trees per hectare and ten branches per tree with

more than ten leaves. Having calculated that level, they relate it with the days after

the flowering and decide which type of fungicide to use. If the disease monitoring is

carried out monthly, it is possible to detect it in an early stage, which do not exceed

the economic damage threshold (5 % – 10 %). An early detection allows the usage

of protective fungicides to prevent the sporulation, which are 80 % cheaper than the

curative ones to eradicate the fungus.

The consultant of Oro Molido S.A. / African Plantation Kilimanjaro R© indicates that

the nutritional deficiencies and the variable climatic conditions (temperature, relative

moisture, sun brightness, rainfalls and wind speed) are closely related to the plant

susceptibility to pests and diseases. The crop age and the sowing density are other

important risk factors. Jhon Wilson mentions that it is important to know that the

natural albedo (measure of the diffuse reflection of solar radiation) of the coffee crops
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changes when the Coffee Leaf Rust attacks them.

Under normal circumstances, Jhon Wilson prefers the Castillo variety. Nevertheless,

he admits that he would choose Caturra if the crop was located at minimum 2,000

m.a.s.l. However, he knows that the cup quality is a multifactorial variable since it is

the result of the interaction between the coffee variety, the environmental conditions,

the agronomic management, the harvest and the post-harvest processes. As additional

information, he would like to have a study of images of his crop in order to detect the

focus of infection, decide where to apply fungicide, avoid applying it uniformly over

the whole plantation and save costs (every liter costs 45 USD).

3.4 Juan Carlos Posada

He is an Agricultural Administrator, Zootechnologist and he has a postgraduate’s

degree in Marketing Management. The National Federation of Coffee Growers in

Colombia (FNC ) invited him to participate in a coffee plantation renewal program

and he began with 5,000 trees. Nowadays, he has 20,000 trees and exports his own

brand coffee (Nova Ola R©) by his own, not through Cooperatives. Juan Carlos re-

ceived training in the production of specialty coffees, he experiments with diverse

post-harvest processes and now he sells his product for 14 USD/lb. The owner of

Nova Ola R© works from the sowing until the international commercialization.

Juan Carlos cultivates a regional derivative of the Castillo variety named Castillo -

El Rosario, one of the latest varieties developed by the FNC. It is very resistant to

pests/diseases, premature and offers a cup quality of 85 points. He does not work

with Caturra because it is more susceptible to pest/disease attacks, but he admits

that it is one of the varieties that allow the coffee grower to reach the best cup qual-

ities. He would be interested in cultivating it because he believes that the future of
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the Colombian coffee industry is the production of specialty coffee.

For Juan Carlos, one the main problems in his job are the economic losses caused by

the volatility of the standard coffee selling price. Additionally, he is concerned of the

extreme climatic conditions in the country, due to which he had to replace 5,000 trees

in 2016. Furthermore, he mentions that the coffee berry–d.p.c. ratio is unfavorable

because it is 5:1 and then, 20 % gets lost during threshing and another 20 % during

roasting.

Although Juan Carlos has never experienced pest or disease attacks in his crops at

1,900 m.a.s.l., he knows that the Coffee Borer Beetle and Coffee Leaf Rust are the

main phytosanitary problems. They proliferate to a greater extent when the crops

are at 1,600 m.a.s.l. or less and intensify the application of pesticides and fungicides.

Moreover, the Coffee Borer Beetle harms the grain directly and the Cooperatives

punish the purchase price, which negatively affects the coffee grower’s economy.

In order to protect the crops against pests and diseases, Juan Carlos prepares his

own pesticide/fungicide using tobacco, hot pepper and garlic and applies them locally

when there are signs or alarms. Additionally, he uses the “ReRe” technique every

twenty days and carries out visual inspections. For Juan Carlos, the best way to

protect the crops is the careful and regular monitoring. He does not use technology

because he believes that it is unnecessary for the size of his plantation. The only

technological method that Juan Carlos applies to each of his crop lots is a yearly soil

analysis to schedule the necessary nutrition with an agronomist.

3.5 Juan Carlos Álvarez

He is a Mechanical Engineer and was always passionate about working in the coun-

tryside. His grandfather and father worked with coffee and he decided to continue
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with the tradition. Nowadays, Juan Carlos is a coffee grower and he has farms in

Andes and Betania, Antioquia. In those farms, coffee is cultivated, harvested and

prepared for the threshing. Finally, it is sold to private buyers or to the Los Andes

Cooperative, which is able to export the product. In the future, Juan Carlos would

like to venture into the roasting business.

In 95 % of Juan Carlos’ coffee crops, the Catimor variety (a cross between Caturra

and Timor Hybrid) is sown. The remaining 5 % contains Castillo and Caturra. He

prefers the Catimor variety because its root is strong and the coffee berries are big-

ger and more homogeneous. Although it is more productive, vigorous and easier to

manage than the Caturra variety, Juan Carlos admits that he has sacrificed the cup

quality. In the past, he decided to reduce the Caturra percentage in his crops because

Catimor and Castillo varieties would need less agronomic management in terms of

controlling the Coffee Leaf Rust, which would be better for the business. However,

he noticed that the cup quality reached with the Castillo variety was very low.

According to Juan Carlos, one of the main problems by coffee growing is the man-

agement of Coffee Leaf Rust, because it proliferates with the spontaneous climatic

variations and adapts even to the resistant varieties, causing severe defoliations. Due

to this disease, he had to make once two applications of fungicide in a matter of three

months. Additionally, Juan Carlos mentions that the standard coffee selling price and

the USD exchange rate are very volatile and explains that, if any country presents

overproduction, the coffee price would decrease immediately, due to the fact that the

level of production is equal to the level of consumption nowadays.

Juan Carlos explains that there are two phytosanitary problems that are significant

to the coffee grower’s economy: the Coffee Borer Beetle and the Coffee Leaf Rust.

For instance, he mentions that, in the past, 90 % of the coffee berries in his Caturra

crops did not reach its ripeness due to the Coffee Leaf Rust. As a result, the quality
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of the final product was very low and he had to sell it at low prices too. However, he

highlights that his main economic losses have been caused by the Coffee Borer Beetle.

In order to early detect pests, diseases and nutritional deficiencies, the workers of

the farms inspect the crops weekly and observe their general conditions. In most

cases, they detect pests/diseases in an advanced stage, when the damage is visible

and curative control is needed. In the past, they protected the plantations using

copper-oxychloride but they suspended it due to high costs. In addition, Juan Carlos

applies some soil analyses, but he admits that the results strongly depend on the

extraction place and cannot be extended to the whole crop. He mentions that he

would prefer an analysis of the farm’s micro-maps that would indicate him what is

missing or left over in each lot. Regarding technological methods for detecting and

controlling pests/diseases, Juan Carlos has heard about drones that apply fungicide

and satellite images that use the reflectance in different wavelengths to characterize

the crop status without invading it.

Juan Carlos explains that the Coffee Leaf Rust as well as the Coffee Borer Beetle

proliferate more under high temperatures and altitudes below 1,600 m.a.s.l. Further-

more, he mentions that the early detection of the Coffee Leaf Rust allows to make

timely applications in order to avoid massive defoliation and reduce the damage of the

disease. If Juan Carlos had the opportunity, he would like to cultivate Caturra again

due to its suitability to produce specialty coffee with higher cup qualities. He sees

the Coffee Leaf Rust management as the main risk, but he admits that he has some

friends that continued working with that variety, when he decided to use Castillo,

and achieve better economic results today.
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3.6 Mario Duque

He is an Agricultural Engineer, works with coffee since 2006 and has a production

farm in Ituango, Antioquia. In his farm, the activities range from the sowing until

the commercialization and he sells the d.p.c. to the regional Cooperative.

Mario works with Castillo and Colombia varieties. He used to cultivate Caturra un-

til 2012 but he was forced to eliminate it due to attacks of several diseases. Mario

affirms that the varieties he cultivates now are resistant to the Coffee Leaf Rust, but

he admits that the associated cup quality and selling price are not as high as the

Caturra ones. Furthermore, he mentions that Caturra can be 10 % more productive

than Castillo if the Coffee Leaf Rust is managed correctly. In addition, Mario ex-

plains that the Colombia and Castillo varieties present root problems and excessive

elongation, respectively.

According to Mario, the main risks in coffee growing are the changing climatic con-

ditions, which impact the coffee life cycle and the selling price fluctuation, negatively

affecting the coffee grower’s profitability. Additionally, he says that the productivity

decreases under 400 grams per tree when the coffee plantations are old, causing fur-

ther economic losses.

Mario mentions that the only really limiting coffee disease is the Coffee Leaf Rust,

which attacks plants in any thermal floor, produces defoliation, impedes the total

ripening and dries the berries. In terms of pests, the Coffee Borer Beetle is also

economically limiting. Mario also states that the dynamics in coffee production were

changed by the onset of the Coffee Leaf Rust, because the chemical management,

which was very expensive and polluting, led to the replacement of traditional vari-

eties by resistant ones. Due to this disease, complete tree defoliations occurred in

Mario’s crops in less than two months and 70 % of the production was constituted
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by dried berries. The commercialization of the final product went down to a selling

price equivalent to 20 % of the standard coffee price i.e. approximately 1,200 COP/lb.

In order to manage the Coffee Leaf Rust easily, Mario cultivates resistant varieties.

Regarding the Coffee Borer Beetle, he applies the “ReRe” technique and uses some

fungi when the infestation levels are high. The only localized chemical control is made

during the seedling phase to protect the plant from the Damping-off disease. He in-

spects his crops to identify color, form and size changes in the leaves and prefers not

to use chemicals, because they damage the biological balance. The only technological

method that Mario incorporates in his crops are soil analyses every three years to

diagnose the nutritional status and program the fertilizations.

According to Mario, frequent rainfalls are favorable to the Coffee Leaf Rust, which

begins by attacking the bottom of the trees. The plant’s response to its presence

is to abort leaves. In order to avoid critical phytosanitary problems, facilitate the

agronomic management and preserve the cost-benefit relation, Mario plans to continue

cultivating the Castillo variety.

3.7 Julio César Robledo

He is an Agricultural Engineer and works as the Quality Assurance Coordinator at

the FNC. The FNC manages the resources of the National Coffee Fund, which draws

from the tax that is charged to all the exported coffee in Colombia (6 USD cents/lb).

This institution makes sure that coffee growers have a nearby Cooperative where they

can sell their product at a fair price. Furthermore, they work together with CENI-

CAFÉ to transfer more clearly the research results to the coffee growers and educate

the rural families.
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The FNC promotes the Castillo variety and its regional derivatives as well as CENI-

CAFÉ 1, which is the most recent variety developed, because they can be cultivated

in any coffee region of the country and they are more productive and resistant to the

Coffee Leaf Rust and the Coffee Berry Disease. In addition, these varieties allow a

higher sowing density and shorter cycles.

Julio César mentions that intense summers, rainfalls and natural disasters negatively

affect the coffee production. Furthermore, he states that, although fumigations are

carried out, the Coffee Leaf Rust is still the main phytosanitary problem when sus-

ceptible varieties are used. There are also bad post-harvest practices that cause waste

and economic losses, along with environmental damage.

Among the pests and diseases that attack the coffee plant, Julio César highlights the

Coffee Borer Beetle and the Coffee Leaf Rust. There are other organisms like the

Coffee Leaf Miner, the Nematodes and the Pink Disease, but they are not economi-

cally limiting in Colombia. He affirms that the Coffee Leaf Rust is a critical problem

for the specialty coffee production because it can cause economic losses between 30

% - 40% due to photosynthetic inefficiencies and severe defoliations. Moreover, the

application of high doses of fungicide to control the disease impacts the quality of

the final product and the food, water, air and health of the people living near the

plantations.

According to Julio César, pests and diseases can be managed using resistant and adap-

tive varieties, good agronomic practices and, in extreme cases, pesticides/fungicides.

He admits that this is the most difficult activity by coffee growing because those

organisms develop resistance and mutate during their life cycle. Additionally, he rec-

ommends monitoring the climatic conditions frequently to identify whether they are

favorable for the pest or disease proliferation and decide if there is necessary to inter-

vene. The current method for detecting pests/diseases consists in a visual inspection,
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where the person in charge walks through the crop and counts the number of infected

plants to determine an affectation percentage. Another method is to use the flower-

ing records to define critical moments to be alert to possible attacks. However, Julio

César admits that not every coffee grower has the culture of registering his crop’s

development and taking actions based on real facts and information. Instead, the

average coffee grower decides to use chemicals whenever any anomaly appears.

Regarding technological methods for detecting pests and diseases, Julio César knows

that there are vaccination of substrates with antagonistic fungi and an application de-

veloped by CENICAFÉ, which performs a diagnosis based on photos of coffee leaves.

He also mentions that there are satellite methods to measure crops reflectance inten-

sities in the electromagnetic spectrum.

According to Julio César, the early detection of phytosanitary problems depends on

the regularity of the care that every coffee grower gives to his plantation. He says

that it is important to have a calendar of activities but, due to the drastic climatic

variations that may alter the development of the plants, he affirms that the frequent

monitoring is a better and more accurate alternative to avoid severe attacks. The

actions have to be taken according to the real state of the crop and they should be

preventive, not curative. Julio César adds that he would like to have an early alert

system that notifies the infection levels of Coffee Borer Beetle and Coffee Leaf Rust,

as well as the respective climatic conditions.

The intensification of climatic factors as temperature, rainfall and relative moisture

propitiates the pest and disease proliferation, which increases the economic damage.

In the case of the Coffee Leaf Rust, Julio César mentions that sufficient water and

high temperatures are enough for its rapid spread. Thus, he prefers the CENICAFÉ

1 variety, because it brings together all the research of CENICAFÉ and was specially

designed to meet the requirements of the Colombian coffee industry.
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3.8 Carlos Ariel Ángel

He is Head of Plant Pathology at CENICAFÉ, which is the leading institution world-

wide in coffee research and exists since 1938. This research center promotes the crops

renewal in order to only use resistant varieties. According to Carlos Ariel, 76 % of

the Colombian coffee plantations consists of non-susceptible materials.

Carlos Ariel mentions that trying to manage susceptible varieties is a very hard task,

which inevitably leads to economic losses. Instead, he recommends working with re-

sistant varieties because it avoids spending money controlling diseases. However, he

admits that even non-susceptible varieties as Catimor present attacks of Coffee Leaf

Rust.

Among the main problems that impact coffee growing, Carlos Ariel highlights the

malnutrition and climatic stress due to droughts and excessive rainfalls. As a result,

pests like the Coffee Borer Beetle and diseases like the Coffee Leaf Rust and the

Brown Eye Spot proliferate, increasing the production costs, decreasing the produc-

tivity and negatively affecting the physical and sensory quality.

In order to detect a phytosanitary problem like the Coffee Leaf Rust, Carlos Ariel

mentions that the traditional methods are based on the plant’s physiology, the flow-

ering periods and the weather. Additionally, the FNC, which works closely with

CENICAFÉ, inspects 6,000 lots quarterly at the national level to determine the in-

fection of Coffee Leaf Rust and Coffee Borer Beetle, as well as nutritional deficiencies.

Furthermore, Carlos Ariel says that some approaches using drones, spectral and ther-

mal cameras and other sensors have been studied. As additional information, he

mentions that the detection of the Coffee Leaf Rust is late when the disease is visible

and countable.
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For Carlos Ariel, it is essential to know the real coffee production system, understand

the plant physiology and learn about the dynamics of the Coffee Leaf Rust before

developing any solution against phytosanitary problems. For any development to be

well supported, there must be an integration with the actual study context and its dif-

ficulties. Finally, he mentions that he would be interested in the remote measurement

of physical variables using technology to aid the explanation of biological processes.

3.9 Andrés Ruiz

He is an Instructor of Agroindustry and Head of Specialty Coffee at the National

Learning Service in Colombia (SENA). He is involved in the processes of adding

value to the coffee i.e. not in the agricultural phase but from the post-harvest on-

wards until the final commercialization.

Andrés works with Caturra and Caturra Chiroso varieties because the cup quality

is the main factor for him and he knows that these varieties have a big influence

on it. The coffee coming from Caturra and Caturra Chiroso is excellent, exotic and

differentiated, which allows to reach a higher selling price. However, Andrés says that

quality depends not only on the variety but also on the agronomic management and

post-harvest processes.

According to the Head of Specialty Coffee at SENA, one of the risks related to the

sale of coffee is the dependence on the international price, which is very volatile. For

that reason, he aims to the market of specialty coffee, where susceptible varieties are

used. Nevertheless, he admits that the risk of pests and diseases increases and the

management needs to be intensified. Andrés also mentions spontaneous climatic vari-

ations and malnutrition as problems associated with coffee productivity and quality.
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Regarding pests and diseases, Andrés highlights the Coffee Borer Beetle and the Cof-

fee Leaf Rust as the greatest threats. He says that the Coffee Leaf Rust is very

aggressive, causes severe defoliations and inhibits the complete physiological ripeness

of coffee berries. Due to this disease, curative controls using chemical applications

have to be carried out and thus, the sensory quality of the final product gets nega-

tively affected. When the attack is epidemic, coffee growers must even renew their

crops by stumping or sowing.

On the one hand, Andrés mentions that the traditional method for detecting pests

and diseases consists in visual inspections of the plantations. On the other hand, he

says that there are technological approaches, that use drones in other crop types, for

detecting the focus of an infection and preventively notifying the administrators. In

addition, he knows that there is a research project that aims to manage the Coffee

Leaf Rust by controlling the plant’s nutrition. Andrés says that he would like to have

a system for the localized control of pests and diseases and fertilization, based on

real information, in order to increase the productivity and quality. He believes that

a coffee grower can use susceptible varieties as long as he takes conscious care of his

crops regularly.

The Head of Specialty Coffee at SENA prefers the Caturra variety because his ex-

pectations are high cup quality, variety of flavors and exoticism. He admits that the

risks are greater but he says that he is interested not only in coffee but also in the

generation of experiences around it.

As additional information, Andrés mentions that the market of specialty coffee grows

30 % every year whereas the market of standard coffee grows only 2 % in the same

period. Furthermore, he explains that Colombia dramatically decreased the selling

price of its coffee, because the country decided to focus on the standard market, and,

nowadays, it is not able to compete against specialty coffee from Kenya, Ethiopia or
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even Guatemala. He is concerned about this issue because he states that Colombia

has the environmental conditions and ecosystems with which a very broad product

portfolio could be generated. For Andrés, the Colombian coffee industry should start

pointing to the market of specialty coffee, where the demand is lower but the exclu-

sivity is greater.

3.10 Juliana Maya

She is an Electronic Engineer, Specialist in Agroindustrial Management and Devel-

opment and she has a Master in Innovation in Agribusiness. Juliana works as the

Director of Production in a family business founded eleven years ago, the farms are

located in Salgar, Antioquia and they contain 2’000,000 coffee trees. The company

is in charge of the whole process from the sowing until the commercialization and

export to Russia, Italy and USA. Juliana has also her own brand coffee and store

named Café Terrón R©.

The variety Juliana works with is Castillo but she also has a small percentage of

Tabi since 2015. She mentions that those varieties are semi-resistant to the Coffee

Leaf Rust, their adaptability is high and their management is easier considering the

extension of her crops (300 hectares). The family business produces 875,000 Kg/year

and its core is the standard coffee.

For Juliana, the main ally and enemy by coffee growing is the climate. In addition,

she mentions that the majority of coffee growers in Colombia are unorganized, they

fertilize at undue moments and fumigate when pests and diseases are already in a very

advanced stage. Juliana affirms that the coffee growing industry needs more techno-

logical development because the innovation in the last seventy years has been minimal.
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Juliana explains that there are two main phytosanitary problems that must be always

controlled: the Coffee Leaf Rust and the Coffee Borer Beetle. Regarding the Coffee

Leaf Rust, Juliana knows that the disease caused once a reduction of 60 % of the

harvest in Andes, Antioquia, which decreased the selling price drastically. Addition-

ally, in 2015 the Coffee Borer Beetle negatively affected the quality of Juliana’s coffee

and the company suffered economic losses of 350’000,000 COP. Other difficulties that

must be taken into account are the Red Spider and the nutritional deficiencies.

According to Juliana, the applications of fungicide for controlling Coffee Leaf Rust

are usually made when its presence is observed while inspecting the crops, as well as

considering the records of rainfall and flowering. The traditional method for detect-

ing phytosanitary problems consists in regular visual inspections using standardized

protocols. In addition, there is a calendar of agronomic activities for every farm. Be-

sides, Juliana mentions that, although she does not use technology in her plantations

for managing diseases, she knows that there is a technological park for coffee research

called TECNICAFÉ, which monitors the climatic conditions in every lot and works

in innovation projects with CENICAFÉ.

Juliana affirms that prolonged rainfalls and droughts, together with nutritional defi-

ciencies, are the main risk factors for the proliferation of pests and diseases. Thus,

she prefers to cultivate Castillo because she knows that her production is massive and

she wants to keep it under control. However, Juliana admits that the early detection

of pests and diseases is important to reduce economic losses.

3.11 Summary

Summarizing the content of the ten interviews, it is possible to notice that there are

two positions regarding coffee growing. One of them is preferring the Caturra vari-

ety and aiming the specialty coffee market. The other one is preferring the Castillo
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variety and pointing the standard coffee market. Caturra is severely affected by the

Coffee Leaf Rust and needs more care whereas Castillo is resistant to that disease

and the agronomic management is easier. However, the cup quality and selling price

that can be reached using Castillo are generally not as high as the ones associated

with Caturra.

In addition, the phytosanitary problems by cultivating coffee, that have the highest

impact on the coffee grower’s profitability, are the Coffee Leaf Rust, the Coffee Borer

Beetle and the nutritional deficiencies. The most common method for detecting these

problems consists in walking through the crops carrying out visual inspections and

using standardized protocols. Nevertheless, the visual inspections are normally not

very frequent and there is a high probability of detecting phytosanitary problems in

advanced stages, which limits the effectiveness of their control. Furthermore, it is

noteworthy that drastic climatic variations in Colombia as well as poor agronomic

managements are critical risk factors for the increase of pests, diseases and nutritional

deficiencies.

Finally, the comments and experiences of the ten interviewees helped by selecting

Caturra and Coffee Leaf Rust as the target variety and disease combination for this

study. Being able to diagnose the disease in an early development stage would be

highly relevant for strengthening the coffee grower’s profitability.
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4. RESEARCH QUESTION

After understanding the severe negative impacts of the Coffee Leaf Rust on the world-

wide coffee production and knowing how this disease harms the coffee grower’s prof-

itability in the national context, an initial literature review was carried out. Its

purpose was to examine existing approaches for diagnosing the Coffee Leaf Rust and

conceive, in general terms, how this problematic could be effectively faced by the

project at hand.

As a result, a research question was stated in order to clearly establish in which

direction it was necessary to point the study and where the efforts needed to be con-

centrated. In that sense, the question that motivated the realization of this Master

thesis as well as the initial idea regarding the possible outcome are presented in the

following lines.

To what extent is it possible to diagnose the Coffee Leaf Rust development stage in

the Colombian Caturra variety through the integration of Remote Sensing, Wireless

Sensor Networks and Deep Learning?

4.1 Research hypothesis

Through the integration of RS, WSN and DL, it is possible to diagnose the Cof-

fee Leaf Rust development stage in the Colombian Caturra variety with significant

performance.
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5. THEORETICAL AND CONCEPTUAL FRAMEWORK

There are several relevant definitions and explanations that are necessary for under-

standing the study context and serve as the conceptual background of the theory that

was reviewed and used for the realization of this research project. The information

presented in this chapter is intended to explain the main agricultural and technolog-

ical concepts that were found in the literature review, as well as the ones that were

actually incorporated for the development of this Master thesis.

5.1 Agro

5.1.1 Coffee

For more than a 1,000 years and even today, the most important consumed drink

around the world has been coffee, with more than 500 billion cups per year [19].

More than a 100 species belonging to the genus coffea exist, but only two are used

for the preparation of the drink, namely Coffea Arabica and Coffea Canephora. The

former is considered as the most delicate of all coffee species and provides 75 % of

the worlds coffee production, while the latter, considered to be more acid but more

resistant to pests and diseases, provides the remaining 25 % [20]. On the one hand,

Coffea Arabica, indigenous from Ethiopia, develops healthy and optimal at high alti-

tudes (600–2,000 m.a.s.l.). On the other hand, Coffea Canephora plantations adapt

well to altitudes lower than 600 m.a.s.l [21]. This is why the only cultivated species

in Colombia is Coffea Arabica, since the country’s rugged topography is ideal for it

and offers variety of climates bonded with high altitude zones [22]. The Colombian

coffee plantations are mainly distributed among three regions (Northern, Southern
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and Central), as seen in Figure 5.1 [23].

Fig. 5.1.: Map of Colombian coffee regions [24].

5.1.2 Life cycle and phenological phases of coffee

The success of the produced coffee relies strongly on the quality of its growth. A cof-

fee tree has around 20–25 productive years, depending on the conditions of the crop

system. Its productive life starts on the first year after the sowing and last for 24

more periods with mandatory renewals by stumping every 6–8 years. The Figure 5.2

illustrates the first three years of coffee’s life cycle. During the first year (aka vegeta-

tive development), the formation of non-reproductive structures like roots, branches,

knots and leaves occur. After this period, the reproductive development begins, where

the process of flowering, fruit growth and ripening takes place. Besides, the pheno-

logical phases of coffee strongly depend on the rainfall dynamics. The formation of
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knots, leaves and fruits is related to humid periods whereas flowering occurs at the

end of dry seasons. Lastly, after approximately seven years of activity, the tree starts

decreasing its productivity towards levels of low profitability (aka senescence phase)

and thus, should be stumped to begin a new cycle [25].

Fig. 5.2.: Phenological phases of coffee [25].

The availability of water and sunlight in the coffee regions and the changes in tem-

perature, along with the interaction with genetic, nutritional and hormonal factors

of the coffee tree, determine the pace of growth of the plant’s tissues and functional

structures. This growth begins with the seedling stage, which takes two months, con-

tinues with the “Almácigo” stage, which starts with the transplant of the seedlings to

sacs and lasts up to four months, and finishes with the sowing on the field. After 5–6

months, the first flowering occurs and the tree enters its reproductive development. It

should also be noted that the speed of the senescence phase depends on the intensity

of production, the availability of nutrients, the presence of pests/diseases and the

environmental stress [25].
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5.1.3 Coffee varieties

The Coffea Arabica species is sub-divided among different varieties with specific char-

acteristics. Those varieties are classified according to the type of bearing, which de-

termines the number of units produced per unit of cultivated area. The Table 5.1

describes the main characteristics of the Coffea Arabica varieties present in Colombia,

namely Typica, Bourbon, Maragogipe, Tabi, Caturra and Colombia [26].

Table 5.1.: Main characteristics of the coffee varieties cultivated in Colombia [26].

TALL BEARING LOW BEARING

CHARACTERISTICS TYPICA BOURBON MARAGOGIPE TABI CATURRA COLOMBIA

Leaves color (“Cogollos”) Tan or reddish Green Green Green or tan Light green Tan

Susceptible to Hemileia vastatrix Yes Yes Yes No Yes No

Grain size (% of Supreme) 70 % 46 % 90 % - 100 % 80 % 66 % 80 %

Grains in pod 4 4 4 3,7 5 5

Sowing density (trees per hectare) 2.500 2.500 2.500 Until 3.000 Until 10.000 Until 10.000

Production per tree (in the sun) [Kg] 0,9 1,2 0,7 0,7 0,5 0,5

Production per hectare [Kg] 180 240 140 140 169 - 272 400

Height (24 months) [cm] 226 237 >Bourbon 243 137 165

Canopy diameter (24-30 months) [cm] 180 177 >Typica 200 112 133

Sowing density (in the sun) 2.500 2.500 2.500 2.500 Until 10.000 Until 10.000

Sowing density (with 25% - 50% shadow) 1.500 1.500 1.500 1.500 Until 4.000 Until 4.000

The Colombia variety comes from a cross made in Colombia between Caturra and

Timor–Hybrid. It is similar in shape, tree size and productivity to the Caturra vari-

ety, its leaves are brown and it is resistant to the Coffee Leaf Rust. In addition, its

sowing density is about 10,000 trees per hectare, it has an acceptable grain density

and a good cup quality. The Castillo variety, along with its regional derivatives, is

the product of decades of genetic improvement of the Colombia variety. The name of

these derivatives are Castillo–Naranjal, Castillo–El Tambo, Castillo–Santa Bárbara,

Castillo–El Rosario, Castillo–La Trinidad, Castillo–Paraguaicito and Castillo–Pueblo

Bello, which have been adapted to the particular conditions of each coffee region in
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the country. Castillo is also resistant to the Coffee Leaf Rust, its productivity, grain

size and sowing density are high and its cup quality is good [26,27].

For its part, the Tabi variety is derived from the cross between Typica, Bourbon

and Timor–Hybrid. Its trees are tall, their leaves are green and it has a resistant

component against the Coffee Leaf Rust. Tabi ’s sowing density is about 3,000 trees

per hectare, its productivity is lower than the national average but its cup quality

is very good. The Typica variety (aka Pajarito or Nacional) is characterized by

tall bearing with elongated red–brownish leaves. Although its susceptibility to the

Coffee Leaf Rust makes it less productive, this variety provides large grains, its sowing

density is between 2,500 and 3,000 trees by hectare and its cup quality is exceptional.

Moreover, the Bourbon variety is also known for being of tall bearing, its leaves are

rounded and light green and it is vulnerable to the Coffee Leaf Rust too. Bourbon’s

grain size is average and its productivity is better than the Typica one. However, in

terms of sowing density and cup quality, this variety is very similar to it [26,27]. The

Caturra variety, which is the target variety of this research, is detailed in a separate

section on this chapter.

5.1.4 Caturra variety

This variety was originated in Brazil as a natural mutation of Bourbon. It is charac-

terized by low bearing (1.80 m), small internal knots, high stem thickness and short

but abundant branches, which make it look vigorous and compact. Its leaves are

large, wide, rounded and darker than the Bourbon ones. Additionally, Caturra has a

very well developed root system and produces large and dense berries. Its nutritional

and agronomic management requirements are high, and its sowing is recommended

for altitudes over 1600 m.a.s.l. This variety is still having relevant presence in Colom-

bia because of its outstanding productive potential (272,169 Kg/ha). Furthermore,

its cup quality is excellent, as the first five winners of the contest “Cup of Excellence”
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2017 in Colombia suggest, who used Caturra, a blend of Caturra and Castillo, and

Geisha [7, 27]. The Figure 5.3 shows a coffee tree of the Caturra variety.

Fig. 5.3.: Caturra coffee tree.

Approximately 24 % of the coffee areas in Colombia are sown with susceptible vari-

eties, mostly Caturra. Coffee growers, who work with this variety, know that combin-

ing their genetic properties with the appropriate environmental offer and a judicious

and timely agronomic management, it is possible to obtain extraordinary cup qualities

that allow them to sell a differential product [26].

5.1.5 Specialty Coffee

The excellence of the coffee beverage relies on many factors, including genetic origin,

altitude, latitude, climate, phytosanitary care, agronomic management and quality

of the harvest practices. Even the post-harvest processes, among threshing, storage,

roasting, milling and type of preparation, can enhance or deteriorate the characteris-

tics of the final product. The quality of coffee is defined giving a score (from 0 to 10)

to each element belonging to its sensory features, such as fragrance, aroma, flavor,

acidity, body, balance, sweetness, uniformity and cleanliness. Summing those scores
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up gives a resulting score in the [0, 100] range, known worldwide as the Coffee Cup

Quality. In essence, the cup quality is directly proportional to the coffee’s selling

price and it defines the target market for the obtained product. Thereby, if the cal-

culated score is under 80 points, the coffee is classified as standard. Otherwise, the

product can be sold in the specialty coffee market [28]. The Table 5.2 summarizes

the mentioned ranking.

Table 5.2.: Ranking for Specialty coffee [2].

.

Score Quality Classification

90.00 - 100.00 Outstanding

Specialty85.00 - 89.99 Excellent

80.00 - 84.99 Very Good

< 80.00 Below Specialty Quality Not specialty

Proof of the international significance of the cup quality is the “Cup of Excellence”

contest. It is considered the most prestigious contest for selecting the best coffee

worldwide and seeks for the most unique specialty coffee based on its taste, smell

and the experiences that its consumption generates on the judges. With the support

of the Colombian Association for Coffee Excellence (ASECC) and the Alliance for

Coffee Excellence (ACE), the contest guarantees a vast variety of samples from all

over the world to be able to compete for the highest recognition [29].

5.1.6 Coffee diseases

For producing a high quality product, coffee requires a judicious and precise agro-

nomic management during its development. Nevertheless, there are several biotic and

abiotic factors that can negatively affect the coffee crops and hinder the achievement

of the expected results. For example, a healthy leaf can last an average of 10–15

months on a coffee plantation under shade conditions, but 9–14 months under full
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sun exposure. This happens because the constant exposure to the sun can harm the

follicular development of the plants, which is essential for the photosynthesis. In ad-

dition, drastic climatic variations can cause premature senescence and loss of foliage

due to the interruption of the necessary humid/dry periods. Malnutrition issues, such

as nitrogen and magnesium deficits, may also induce lower chlorophyll levels, result-

ing in severe defoliation [30].

In the case of the presence of pests and diseases, the mentioned conditions aggravate

their consequences, which may lead to large scale production and quality losses, com-

plete defoliation and even death of the coffee trees. The diseases, for instance, reduce

the radiation area on the leaves, impeding the efficient absorption of essential compo-

nents (nutrients and water) by the roots for photosynthetic processes. As a result of

the blocked substances flow inside the plant, the filling of the grains slows down, the

diseases consume the vital components and the ripening cannot be completed [30].

The main coffee diseases are explained below. The Coffee Leaf Rust, which is the

disease to diagnose through this project, is presented in a separate section on this

chapter.

• Tip-over: it is a fungal disease that rots the seed or the young stem before the

seedling emerges. The seedling displays dark-brown patches, which weaken its

tissues and cause the initial leaves to fall. These injuries are evident 15 days

after the sowing [31].

• Brown Eye Spot: it is a disease that commonly manifests on the leaves and

it occurs both on seedling and adult plants. It is characterized by brown spots

surrounded by a yellow halo. Furthermore, the Brown Eye Spot may attack

unripe fruits, causing them to dry out, lose weight or fall prematurely, which

negatively affects the quality and quantity of the harvest. The disease can even



42

dry the mucilage of the berry, increasing the production of non-exportable coffee

(aka “Pasilla”) [32].

• “Mal Rosado”: this disease causes severe damage in production, especially

within areas of high sowing density. Generally, it occurs when the oxygenation

is low and high precipitations as well as cold-humid environmental conditions

predominate. This pathogen develops on dried stems and on the leaf litter that

accumulates in the lower part of the bushes [33].

• “Llaga Macana”: it is a fungal disease that affects the stem and causes death

among the plants in all their life cycle stages. As a result, the population of

coffee trees decreases, as well as the harvest volume. The whole cultivated

varieties in Colombia are susceptible to it. In addition, it also negatively affects

rubber, citrus and cocoa plants [34].

• Descending Death: it is a disease that appears in all coffee varieties during

the renewal of the plants’ leaves, hinders the production and causes harvest

reductions. The Descending Death begins with the appearance of black and

opaque small spots on the newly formed leaves and continues covering them until

reaching their entirety, which generates premature defoliation. Both seedling

and adult plants are negatively affected by this disease [35].

• “Ojo de Gallo”: it attacks the coffee plantations with excess of shade and

high percentage of environmental humidity. This fungal disease, which can

appear during the whole life cycle of the coffee plant, begins with the presence

of dark-brown spots, followed by perforations and defoliation of the bush. It also

weakens the nutritional status of the trees, which directly impairs productivity

[36].

• “Crespera”: this disease negatively affects the normal development of the

plants, especially their leaves and flower buds. It is characterized by the ap-

pearance of curved and thin leaves that grow massively, replacing the healthy



43

leaves and damaging the floral meristems. It arises mainly in the oldest tree

branches and, in very severe cases, it can cause dwarfism on the plants by

reducing the distance between knots and disabling the flowering [37].

• Coffee Berry Disease: although this disease does not exist in Colombia yet, it

is considered one of the most limiting phytosanitary problems for Coffea Arabica

plantations, along with the Coffee Leaf Rust. This is based on the fact that

this disease can lead to losses up to 80 % of the production. The Coffee Berry

Disease, which directly attacks the grains and occasionally the near leaves, has

most severe consequences in plantations between 1,200 and 2,000 m.a.s.l. [38].

5.1.7 Coffee Leaf Rust

The fungus Hemileia Vastatrix is the cause of the Coffee Leaf Rust disease, which

is the major phytosanitary problem for coffee crops. Once high levels of severity are

reached, the corrective actions can be very limited. An inappropriate management of

the disease can harshly compromise the coffee plants, as seen in Figure 5.4, generating

that only few leaves remain on the trees, which has a direct negative impact on the

quantity and quality of the harvest [7].

Fig. 5.4.: Coffee Leaf Rust effect on the Caturra variety [7].
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Four essential factors are necessary for the appearance of the Coffee Leaf Rust: i) the

host, ii) the pathogen, iii) the climatic conditions and iv) the agronomic management.

The host implies that the coffee variety must be genetically susceptible to the disease

and its physiological state is propitious for the fungus. The pathogen agent, which

triggers the Coffee Leaf Rust, is the fungus Hemileia Vastatrix – Race 2. This fungus

parasitizes living plant’s cells reaching the reproductive stage in approximately 50

days and it is unable to survive among the soil or inert organic matter. Regarding

the climatic conditions, constant rainfall is necessary for the sprouting of the fungus,

which subsequently begins spreading on leaves, as seen in Figure 5.5, and surround-

ing plants. Additionally, temperatures between 16 ◦C and 28 ◦C, along with low solar

brightness, are favorable for it. With respect to the agronomic management, high

sowing densities and the incorrect application of fungicides are suitable factors for

the development of the Coffee Leaf Rust. CENICAFÉ provides technical information

to coffee growers in this regard and recommends monitoring the disease regularly in-

dependently of the crop altitude [7].

Fig. 5.5.: Coffee Leaf Rust on a leaf in its highest development stage [7].

Coffee Leaf Rust progresses gradually in time and reaches three noticeably phases.

The first one, called “slow phase” (severity ≤ 5 %), is where the first structures
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responsible for the production of spores emerge and low levels of infection are evident.

The second one, which is named “fast or explosive phase” (5 % < severity ≤ 30 %),

starts with the fungus sporulation and is represented by more plants getting sick in a

short period. The final phase is called “maximum or terminal phase” (severity > 30

%) and occurs when most of the leaves are severely attacked and a small amount of

healthy leaves remains. At that moment, the epidemic stops on the host, due to the

lack of biological matter for continuing the infection. When the Coffee Leaf Rust is

not controlled and the climatic conditions are favorable, the disease can develop at a

daily rate of 0.19 % − 0.38 %, reduce the impact of the chemical controls and cause

significant economic damage [7].

5.2 Technology

5.2.1 Internet of Things

The Internet of Things (IoT) refers to the use of intelligently connected devices and

systems to leverage data gathered by embedded sensors and actuators in machines

and other physical objects [39]. It enhances the ability to distribute and analyze the

collected data for transforming it into relevant information, knowledge and appropri-

ate actions in the real world.

IoT enables, for example, GPS-based tracking, controlling and monitoring of devices,

machine-to-machine (M2M) communication, connected cars, etc. [40] and allows, by

means of the interoperability through the Internet, improvements in decision-making

in several fields like energy efficiency, security, health, education, manufacturing, re-

tail and agriculture [39]. IoT makes everyday things “smart” because it gives them

the ability to sense, compute and interact with remote servers, applications, processes

and persons.
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For instance, as shown in Figure 5.6, smart health sensors can be used to collect and

send comprehensive physiological information to the Internet, in order to analyze it

and communicate the results wirelessly to caregivers for further review [41].

Fig. 5.6.: Smart healthcare concept [41].

5.2.2 Precision Agriculture

Precision Agriculture (PA) is a farming management concept that uses information

technology to observe, measure and respond to crop site-specific variability. It con-

sists in applying the right treatment in the right place and at the right time in

order to adjust the agronomic management to the actual crop needs. In general, PA

contributes to the wider goal concerning sustainability of agricultural production [42].

Through the analysis of satellite positioning (GNSS) and RS data, as well as data

gathered using sensor technologies, the farmer can optimize the yield on inputs (ma-

chinery, labor, fertilizer, chemicals, seeds, water, energy, etc.) while reducing envi-

ronmental impacts [42]. Facing the increasing demand for agricultural products and

considering the drastic environmental challenges nowadays, PA can positively affect

important variables like performance, productivity, quality, profitability, sustainabil-
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ity and working conditions.

As an example, the Figure 5.7 shows how RS methods, based on manned and un-

manned vehicles (RPAs and UAVs), enabled the acquisition of very high resolution

(VHR) thermal imagery to provide maps of the spatial variability of water stress at

the tree level [42].

Fig. 5.7.: Evaluation of the opportunities of regulated deficit irrigation for saving

water in southern Spain [42].

5.2.3 Serological analysis

The serological analysis is a method that is carried out in the laboratory for the diag-

nosis of phytosanitary problems. It consists in the direct detection of a pathogen from

the analysis of the specific reactions that occur between the antigens, the proteins

coming from the infectious agent causing the disease, and the antibodies present in

the organism under study [43]. The antibodies are the immune response of an organ-

ism when it is attacked by an external agent.
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It is noteworthy that specific antigens causes the production of specific antibodies,

which will only generate a reaction by recognizing the presence of those particu-

lar antigens. Some of the techniques of serological analysis are Enzyme-Linked Im-

munoSorbent Assay (ELISA), Tissue Blot ImmunoAssay (TBIA) and Quartz Crystal

Microbalance Immunosensors (QCMI) [43]. The Figure 5.8 shows an example of a

simple ELISA kit that was developed for detecting six virus species in infected plant

tissues [44].

Fig. 5.8.: Simple ELISA kit developed at the Plant Virus Laboratory from Federal

University of Ceará, Brazil [44].

5.2.4 Molecular analysis

Molecular methods are also used for the diagnosis of plant diseases in the laboratory

and they can be applied when genetic information is available. The molecular analy-

sis allows to amplify and manipulate an original DNA fragment in order to increase

the probability of detecting the pathogen causing the disease i.e. bacterias, fungus or

viruses [43].
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The techniques associated with this type of analysis, such as Polymerase Chain Reac-

tion (PCR), Isothermal amplification and Microarray (Oligonucleotide array), enable

a rapid and accurate detection and quantification [43]. However, the sample prepara-

tion is critical and requires complex protocols. All molecular methods for detecting

plant pathogens are based on the accurate design of oligonucleotides and probes [45].

As an example of a molecular analysis, the Figure 5.9 shows the detection of different

Nanovirues by a broad primers set using PCR [46].

Fig. 5.9.: Detection of Nanoviruses by PCR [46].

5.2.5 Detection of visual symptoms

This method refers to the recognition of plant diseases using visual inspections, de-

velopment scales and standard severity diagrams for their measurement [47]. People

in charge of the crops, walk through them watching and touching the plants in order

to identify symptoms associated with the particular disease that produces them and

calculate infection levels [45].
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The detection of visual symptoms uses the changes in the plant’s appearance (colors,

forms, lesions, spots, etc.) as an indicator of it being attacked by a disease or pest [45].

For instance, for the evaluation of the Coffee Leaf Rust’s infection percentage in a

specific lot, the number of diseased leaves in 60 random trees has to be divided into

the total number of leaves in those trees and multiplied by 100 (see Equation 5.1). A

leaf is considered diseased with Coffee Leaf Rust when chlorotic spots or orange dust

are observed on it. As shown in Figure 5.10, a visual inspection can be carried out

for detecting the presence of chlorotic spots on the leaves, which are then used for

measuring incidence and severity of the disease [7].

Average infection % in the lot =
Number of diseased leaves in the 60 trees

Total number of leaves in the 60 trees
∗ 100

(5.1)

Fig. 5.10.: Coffee Leaf Rust detection through visual inspection [48].
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5.2.6 Volatile Organic Compounds

Plants emit many Volatile Organic Compounds (VOCs) into their immediate sur-

roundings that serve essential functions in growth, communication, defense and sur-

vival. Those compounds, emitted from leaf surfaces, are the result of the plant’s

metabolism and exist generally at ultra-low concentrations below the human olfac-

tory threshold [45]. VOCs can serve as an indirect indicator of a plant’s physiolog-

ical health status because they are correlated not only with physicochemical factors

such as humidity, temperature and fertilization, but also with biological ones such as

growth stage and presence of pests and diseases [49].

VOCs of an infected plant are expected to vary from the ones released under normal

health conditions. Thus, changes in the volatile profile caused by abiotic and biotic

stresses can be monitored in order to detect a disease in real-time. The Gas Chro-

matography (GC) and Electronic Nose systems are two common techniques used for

assessing the mentioned volatile profile [49].

For instance, the Figure 5.11 shows a portable Electronic Nose developed in the USA

for detecting a pest, that damages cotton fields, called Nezara viridula. The device

was able to capture and analyze VOCs from the head space of a cotton boll over

carbon black-polymer composite sensors [50].
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Fig. 5.11.: Field sampling cotton bolls with a pest and damage detector developed

to draw VOCs [50].

5.2.7 Remote Sensing

Remote Sensing (RS) is based on the interaction of electromagnetic radiation with

any material. In the case of agriculture, it involves the non-contact measurement of

the reflected radiation from soil or plants in order to asses different attributes such

as Leaf Area Index (LAI), chlorophyll content, water stress, weed density, crop nu-

trients, among others. Those measurements can be made using satellites, aircrafts,

drones, tractors and hand-held sensors [51].

In addition to measuring reflected radiation, there are other two RS techniques that

analyze fluorescent and thermal energy emitted by the leaves. However, the most

common technique is reflectance, because the amount of reflected radiation from the

plants is inversely related to the radiation absorbed by their pigments and this can

serve as an indicator of their health status [51].

In specific wavelengths of the electromagnetic spectrum, the reflectance of plants

varies. For instance, under normal conditions, plant pigments such as chlorophyll
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strongly absorb radiation in the visible region (400 nm – 700 nm), whereas the plant

reflectance is high in the near infrared (NIR) region (700 nm – 1,300 nm) [51]. These

variations are due to the specific radiation that plants require for their photosynthetic

activity [52]. RS helps the indirect detection of problems in agricultural fields, since

this method captures unusual behaviors in crops reflectance, which can be caused by

factors as nutritional deficiencies, pests and diseases and water stress.

As an example, the Figure 5.12 shows an UAV–RS system for the evaluation of weed

infestation using a point-and-shoot camera and a six-band multispectral camera [45].

A multispectral camera is able to capture reflected radiation in multiple bands of the

electromagnetic spectrum.

Fig. 5.12.: UAV equipped with RS devices for evaluation of weed infestation [45].

5.2.8 Spectroscopy

Spectroscopy is the study of matter using electromagnetic radiation. It deals with the

production, measurement and interpretation of the spectra arising from the radiation-

matter interaction. The spectroscopic methods differ with respect to the species to be
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analyzed, the type of interaction to be monitored (such as reflectance, absorption or

transmittance) and the region of the electromagnetic spectrum to be studied. In tra-

ditional food analysis laboratories, for example, the most common studies are related

to reflectance or absorption of radiation in the ultraviolet (UV), visible (Red-Green-

Blue, RGB), infrared (IR) and radio (Nuclear Magnetic Resonance, NMR) frequency

ranges [53].

Regardless of the selected spectral band for the analysis, spectroscopy is based on

the fact that the energy content of matter is quantized and that photons of radiation

may be absorbed or reflected by matter [53]. Therefore, it is attempted to measure

the amount of that radiation by an object of study using an optical unit, such as

a spectrograph, in order to characterize its spectral signature and make an indirect

assessment of its physicochemical features simultaneously. Spectroscopy has gained

widespread recognition for product quality control and process monitoring because it

combines simplicity, precision and a limited level of sample preparation. The Figure

5.13 shows the acquisition modes for spectroscopic analyses [54].

Fig. 5.13.: The three acquisition modes in spectroscopy: (a) Reflectance, (b)

Transmittance and (c) Absorption [54].
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5.2.9 Wireless Sensor Networks

Wireless Sensor Networks (WSN) is a technology that is being used in many countries

worldwide in order to monitor different agricultural characteristics in real-time and

remotely. It consists of multiple non-assisted embedded devices, called sensor nodes,

that collect data in the field and communicate it wirelessly to a centralized processing

station, which is known as the Base Station (BS). The BS has storage, processing

and fusion capabilities and it is in charge of transmitting the received data to the

Internet for presenting it to an end user [55].

Once the collected data is stored on a central server on the Internet, further analysis,

processing and visualization techniques are applied to extract valuable information

and hidden correlations that can help to detect changes in crop characteristics. These

changes could be used as indicators of phytosanitary problems such as nutritional

deficiencies, pests, diseases and water stress. WSN is a powerful technology since

information of remote and inaccessible physical environments can be easily accessed

through the Internet, with the help of the cooperative and constant monitoring of

multiple sensors [56].

The sensor nodes in a WSN setup can vary in terms of their functions. Some of

them can serve as simple data collectors that monitor a single physical phenomenon,

while more powerful nodes may also perform more complex processing and aggrega-

tion operations. Even some sensors can have GPS modules that help them determine

their particular location with high accuracy [56]. The most common sensors used in

WSN for agriculture are the ones which collect climate data, images and frequencies.

For instance, the Figure 5.14 shows a WSN configuration that was developed for a

decision support system for water management in order to increase crop health and

yield [57].
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Fig. 5.14.: WSN in agriculture for water management [57].

5.2.10 Biosensors

A biosensor is a particular type of chemical sensor that uses the highly sensitive

recognition properties of biological components, such as an enzyme, antibody, nucleic

acid, microorganism or cell [58]. Biosensors are portable and they have been im-

plemented for various applications including the early identification of crop diseases.

This method is considered one of the most recent developments in the field [59].

Biosensors are self-contained devices, constituted by a biological and a physiochemical

component, that are capable of providing information about the concentration of a

target species, microorganism or virus within a test sample in real-time. The biolog-

ical component has recognition receptors for determining when an interaction with

the target element occurs (sensing). For its part, the physicochemical component

is in charge of the transduction i.e. converting the chemical or physical variations

in the biological component, due to the interaction with the target element, into a

measurable physical quantity [60]. The Figure 5.15 is an example of a near-infrared
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microscope reading the output of embedded carbon nanotube biosensors [61].

Fig. 5.15.: Analysis of carbon nanotube biosensors embedded in an Arabidopsis

thaliana plant [61].

5.2.11 Computer Vision

Computer Vision (CV) encompasses the mathematical techniques for recovering the

three-dimensional shape and appearance of objects in imagery. These techniques

aim to describe the content of one or more images and to reconstruct its perceptual

components as shape, illumination, color distribution, among others. Nowadays, CV

is being used in multiple real-world applications such as reading handwritten postal

codes, automatically recognizing number plates, rapidly inspecting mechanical parts

for quality assurance, reconstructing 3D models from aerial photographs, detecting

unexpected obstacles on the streets in the automotive safety field, etc. [62].

CV allows to transform data from a still or video camera into whether a decision or

a new representation. An example of a decision might be “there are 14 tumor cells

on this picture”, whereas a new representation might mean converting a color image

into a gray-scale one. However, the kind of tasks that CV systems solve are difficult

because they pretend to analyze and perceive situations as the human brain does,
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using a noisy grid of numbers coming from the real world (a screen-shot) as the only

input [63]. The Figure 5.16 shows an example of the object recognition system of

an Nvidia R© autopilot prototype called Drive PX. Through CV, the prototype recog-

nizes and locates cautionary, stationary, moving and trivial objects on images that

are captured while the car is in motion [64].

Fig. 5.16.: Nvidia R© – Drive PX object recognition system [64].

5.2.12 Deep Learning

The area in charge of building intelligent machines that can perform certain tasks

just like a human, is called Artificial Intelligence (AI) [65]. One of the main subareas

of AI is Machine Learning (ML), which aims to extract complex patterns from large

amounts of raw data automatically in order to predict future behaviors. When the

extracting process of those patterns is taken to a more detailed level, where comput-

ers learn complicated real-world concepts by building them out of simpler ones in a

hierarchical way, ML enters one of its most relevant subsets: Deep Learning (DL) [66].

The functionality of DL is an attempt to mimic the activity in layers of neurons in the

human brain. The central structure that DL uses is called Artificial Neural Network



59

(ANN), which is composed by multiple layers of neurons and weighted connections

between them. The neurons are excitable units that transform information whereas

the connections are in charge of rescaling the output of one layer of neurons and

transmitting it to the next one to serve as its input [67]. By passing data such as im-

ages, videos, sound and text through the ANN, DL builds hierarchical structures and

levels of representation and abstraction that enable the identification of underlying

patterns [65].

DL makes possible to learn a feature representation of the input data at multiple

levels of abstraction with few or none human intervention and to discover the optimal

parameters for building an accurate statistical predictive model. Using an image as

an example of input data, the first layer would learn the first order features such as

color and edges, the second layer would learn higher-order features such as corners,

the third layer would learn about textures and so on. At the end of the ANN, the

final layer generates a prediction either for a classification or regression task [65].

Thanks to the most recent improvements in mathematical formulas, increasingly pow-

erful computers and the availability of large-scale datasets, DL is successfully applied

in a wide range of fields nowadays, including Natural Language Processing (NLP),

object visual recognition, medical diagnosis, trading, network security, among oth-

ers [65]. For instance, the Figure 5.17 shows the process of detecting a face on an

image through different levels of representation [68].
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Fig. 5.17.: Face detection using DL [68].

For a deeper understanding about how DL works under the hood, the most relevant

concepts as well as the popular standard models called Convolutional Neural Net-

works (CNNs) and Recurrent Neural Networks (RNNs) are explained below. The

Figure 5.18 shows the simplest ANN, which is called Multilayer Perceptron (MLP).

It is essentially defined as having one input layer, one output layer and a few hidden

layers (intermediate layers). The adjacent layers are fully connected and each con-

nection has a specific weight, so that each artificial neuron can calculate a weighted

sum of all its incoming inputs by multiplying the signals with the mentioned weights

and adding a bias (offset). Then, the resulting value will go through a differentiable

function called activation function, which makes the neuron decide if the output sig-

nal for the next layer should be fired, depending on whether a threshold have been

reached.
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Fig. 5.18.: Fully connected, feed-forward neural network with two hidden layers [65].

The non-linearity nature of the models built with ANNs is mainly contributed by

the shape of the activation function, which belongs usually to a sigmoid, hyperbolic

tangent (Tanh) or Rectifier Linear Unit (ReLU ). It is also relevant to mention that

for classification problems in particular, the output layer has n neurons for n possible

categories and applies a softmax function (see Equation 5.2) on the resulting values

vector to output the probability of the input being each of them. In that sense, the

higher probability indicates the model’s prediction [65].

σ(z)j =
ezj∑K
k=1 e

zk
for j = 1, ..., K (5.2)

In addition, learning from the data in the context of DL means minimizing a cost

function through a technique called Gradient Descent. The cost function takes the

weights and biases as parameters and measures the total distance between the pre-

dictions of the model and the reality. For its part, Gradient Descent is the repetitive

process of calculating the current gradient of the cost function, which is a vector

in the direction of its steepest ascent, and taking a step in the opposite direction

proportional to its magnitude until converging to a local minima. In that way and

considering that the calculated cost covers the whole data, the outputs of the ANN
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start nudging and moving from random to more accurate predictions [69].

The algorithm used in order to calculate the cost function’s gradient efficiently is

called Backpropagation. Its result indicates in which direction and how much every

single parameter of the network needs to be adjusted in average, so that the total

error decreases as much as possible [69]. An example of the output of a Backprop-

agation execution is shown in Figure 5.19. Each entry of the gradient corresponds

to the required adjustment for each parameter of the network. In this example, the

first parameter should be increased by 0.19 whereas the third parameter needs to be

decreased by 0.85.

Fig. 5.19.: Example of a resulting cost function’s gradient [69].

In essence, all the training does is to adjust the parameters (weights and biases) to

best capture the patterns from data in order to successfully output the approxima-

tion of the target value. For this purpose, the training starts with the initialization

of the parameters at random. Then, as shown in Figure 5.20, Forward propagation

is executed, which consists in passing the input data through the network multiply-

ing the signals (ai) by the network’s weights (wi), adding the biases (bi) and then

going through the activation function (σ), from layer to layer until the output one is
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reached [65].

Fig. 5.20.: Forward propagation operations on a two-hidden-layer network [65].

Once a prediction is made, Backpropagation takes action. First, every neuron on the

output layer determines its contribution to the total error and the necessary adjust-

ment according to the variation of the cost with respect to the variation of its output

(through partial derivatives). Afterwards and using the determined adjustments, it

is possible to calculate the corresponding corrections on the non-activated values (zi),

those that were used for the activation of the output layer’s neurons (ai), based on

the variation ratio between ai and zi. Once the corrections are calculated, the neces-

sary modifications on the parameters, which contribute to the non-activated values,

are established with the help of those corrections and the variation ratio between

the non-activated values and each parameter. Thereby, this procedure, known as the

Chain rule and represented in Figure 5.21, generates the gradient’s components that

correspond to all parameters on the connections between the last hidden layer and

the output one. Executing it recursively backwards through the network results in

the necessary modifications for each remaining parameter of the model [69].
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(a) Graphical representation. (b) Formal representation.

Fig. 5.21.: The Chain rule [69].

The last step of the training process is where the network actually learns from the

data. As shown in Figure 5.22, it consists in updating the network’s weights and

biases according to the calculated gradient and using a hyperparameter called the

learning rate (η), which controls in which percentage the parameters are adjusted.

The lower the value, the slower and more controlled the steps towards the local min-

ima [65].

Fig. 5.22.: Parameters update operations on a two-hidden-layer network [65].

Additionally, it is relevant to mention two popular standard models, namely CNNs

and RNNs, which are variants of MLP for specific tasks. On the one hand, CNNs
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have been proven to be very effective in areas such as image recognition and classifi-

cation. They have been successfully applied for identifying things on images thanks

to their capacity to exploit spatially-local correlation by enforcing a local connectivity

pattern (aka weights sharing) between neurons of adjacent layers that have spatially

contiguous receptive fields. The main difference with standard MLP is the presence

of layers that execute convolutions. A convolution is the process of taking an image

and sliding over it block-wise while applying filters (detectors of different features),

in order to aggregate the original input and transform it into a more compact but

deeper representation [65].

On the other hand, RNNs are designed specifically for handling inputs which come

in sequence, such as sentences, genomes, handwriting, speech, data from sensors and

stock markets, among others, and predicting the next value in line or the subject,

which often greatly depends on the past context and its order. In that sense, a RNN

can be thought of as a chain of repeating cells in the dimension of time, in which each

time step can be treated as a different layer, meaning that any cell of the network

(aka state) is influenced not only by the current input but also by its recent past [65].

5.2.13 Web programming framework

A web programming framework is a well-defined structure of reusable, interchange-

able and customizable software components for the development of a web system. It

can be understood as an incomplete generic application, which serves as a solid base

and is configurable and extensible for building a concrete and unique application. The

components of a web programming framework are designed to facilitate and speed

up the organization and implementation of systems than can be accessed through the

Internet [70].
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The use of a programming framework for web applications is intended to acceler-

ate the software development process, reuse existing code, promote the inclusion of

architectural patterns and facilitate maintenance. In general, every web program-

ming framework contains components for URL abstraction, user’s session manage-

ment, data access, authentication/authorization, internationalization and separation

between design and content [70].

The web programming frameworks are organized according to the programming lan-

guage they support. The most common ones are Django, Flask and Tornado for

Python, Angular.js, React.js and Ember.js for JavaScript, and Rails and Sinatra for

Ruby. The Figure 5.23 shows an architectural pattern called Model-View-Controller

(MVC), on which Ruby on Rails and Django are based [71].

Fig. 5.23.: MVC architectural pattern [71].
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6. STATE OF THE ART

Plenty of research has been done around applying technological methods and strate-

gies to diagnose diseases [72], detect pests [73], obtain nutritional information [74],

among other objectives, for different types of crops. The phytosanitary status of

the plantations is closely related to different crucial factors in their ecosystem such

as weather, altitude, type of soil, etc. Therefore, several biological and engineering

studies aim to implement practical solutions based on these factors to improve farm-

ing techniques to preserve healthy crops.

The most commonly used methods for monitoring the phytosanitary status efficiently,

including those which make use of technology, are Visual Detection, Biological inter-

vention, RS, WSN and ML. Thus, this chapter is intended to present recent relevant

studies based on the mentioned methods for detecting anomalies on the plantations.

Research towards the diagnosis of the Coffee Leaf Rust, which is the target disease

of this Master thesis, are also exposed.

6.1 Remote Sensing

In 2003, Goel et al [75] studied the detection of changes in the spectral response in corn

(Zea mays) due to nitrogen application rates and weed control. For that purpose, the

researchers employed a hyper-spectral sensor called Compact Airborne Spectrographic

Imager (CASI) and analyzed the reflectance values of 72 bands with a wavelength be-

tween 409 and 947 nm, which comprise part of the visible and near-infrared (NIR)

regions of the electromagnetic spectrum. The obtained results demonstrated the po-

tential of detecting weed infestations and nitrogen stress using the hyper-spectral

sensor CASI. Specifically, the researchers found that the best fitting bands for the
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detection were the wavelength regions near 498 nm and 671 nm respectively, as seen

in Figure 6.1.

Fig. 6.1.: Reflectance (%) of the corn response during different flights under normal

nitrogen rates and no weed control [75].

Regarding the phytosanitary status of the plants, the water and the type of soil are two

components that play an important role in their health. In 2017, Bolaños et al. [76]

proposed a characterization method using visible and infrared spectrum to identify

these components, through low-cost cameras with two different filters Roscolux #19

and Roscolux #2007, and a multi-rotor air vehicle. Through this method, and us-

ing portable and highly qualified devices, those hard-to-reach places were monitored

and analyzed in order to detect anomalies that may cause diseases in the crop. This

monitored phase provided a characterization of the Normalized Difference Vegetation

Index (NDVI) as seen in Figure 6.2(a). As a result of this phase, a color based chart

determined three essential characteristics such as crop health, diseased plants or soil,

and water or others, as seen in Figure 6.2(b).
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(a) NDVI with #19 filter configuration. (b) Reflectance colors classification

from th NVDI.

Fig. 6.2.: Characterisation of the NDVI with low cost solutions [76].

In 2017, Chemura et al. proposed a method to early predict the presence of diseases

and pests among coffee trees based on unnoticeable water stress. For that purpose,

multi-spectral scanners with wavebands from the visual spectrum and near the in-

frared region filters were placed on an Unmanned Aerial Vehicle (UAV) [77]. The

wavebands scanner results showed inflections points between the regions 430nm, and

705–735 nm near infrared due to the water content in coffee trees, see Figure 6.3.

These results underlined the importance of a suitable irrigation plan according to

the water requirements of the trees, causing an improvement in productivity sole.

Although the latest region indicated relevant values, the waveband of 430 nm was the

most relevant band of remote sensing for predicting the water plant content directly

related to the stress of it. However, in [77] the authors remark that although the re-

sults were promising there were missing some valid components that could allow the

model to be totally suitable and testable in real conditions. For that purpose, they

recommended using hyperspectral cameras which provide a more precise waveband

measured results.
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Fig. 6.3.: Water reflectance content difference in the plant [77].

6.2 Visual Detection

To understand the conditions conducive to the development of Coffee Leaf Rust and

subsequently, refine the disease control, Avelino et al. [78] monitored such develop-

ment on 73 coffee crops in Honduras for 1-3 years. Thereby, through the analysis of

production situation variables such as climate, soil components, coffee tree charac-

teristics, and crop management patterns, the researchers aimed to seek to establish

a relationship with the rust presence. The result of this research indicated that Cof-

fee Leaf Rust epidemics depend on the diverse production situations based on Table

6.1, linked as well to the local conditions of the plantation. For this reason, these

results reflect the need of consideration of a certified growing system that aims for

sustainability, taking into consideration production situations and, thus, preventing

developing of pests and diseases.
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Table 6.1.: Kinds of variables that describe the importance of Coffee plots in the

presence of Coffee Leaf Rust [78]

Kind of Variable Relevance

Climate variation

(Alt. and Rainfall)
High

Soil components
Medium -

low

Croppping

practices
Medium

Coffee tree

productivities
High

6.3 Biological Intervention

Several authors stated the importance of the relationship between living beings shar-

ing the same environment. One of them is Haddad et al. [79], who in 2009, proposed

a study to determine if seven selected isolated bacterias under greenhouse conditions

would efficiently detect and control CLR. For the development of this research, they

inoculated these bacterias: (six Bacillus sp. -B10, B25, B157, B175, B205, and B281

and one of Pseudomonas sp.-P286), which help to detect and control Coffee Leaf Rust

in early development stages, according to a preliminary result presented by Haddad

et al. (2007). For the experiment, two important coffee varieties, (Mundo Novo and

Catuai) were selected due to the high susceptibility of the Coffee Leaf Rust. There-

fore, for three years the varieties with the disease interacted with different treatments

(bacteria) to analyze the behavior evolution between them. Based on the treatments

results, the isolates P286 and B157 were as efficient as the copper fungicide in con-

trolling the rust. Hence, considering the harmful effects due to the copper fungicide,

the application of biological control with the B157 isolate of Bacillus sp. may be a re-
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liable alternative solution to CLR management. That is why, this research displayed

the opportunity to successfully biocontrol the Coffee Leaf Rust, for specialty coffee

growers.

Jackson et al. [80] in 2012, proposed as well, a biological detection and control based

on a fungus, Lecanicillium lecanii. Their primary interest of crops, in general, is the

analogy of the coexistence of organisms in a specific environment with defined condi-

tions that encounters the perfect balance. In view of the above, the biological control

system of the (A. instabilis) ants are mutualistically be associated the while halos of

the fungus, see Figure 6.4 (L. lecanii) based on the Coffee Leaf Rust effect.

Fig. 6.4.: Diagram of co-existing organisms [80].

However, the hypothesis stated the possibility that spores from the L. lecanii will help

to attack the H. Vastatrix before the rainy season. The research results demonstrated

that the effect of the time delay of the L. lecanii in H. Vastatrix caused that a

relationship between the two fungus and the ants could not be demonstrated, in

spite of the resembling of the control experiment to the real world. In conclusion,

the restriction of a biotic-factors directly affect the development of the Coffee Leaf
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Rust, therefore, for future work, is important to consider the climate variation of an

ecosystem to be able to predict such development [80].

6.4 Wireless Sensor Networks

Chaudhary et al. [81] emphasized in 2011 the importance of WSN in the field of PA

by monitoring and controlling different critical parameters on a greenhouse through

a microcontroller technology called Programmable System on Chip (PSoC). In conse-

quence of the disproportionate rainfall dynamics, thus the need to control a suitable

water distribution meeting those parameters inside the greenhouse arises. Thereby,

the study tested the integration of wireless sensor nodes structured as seen in Figure

6.5, with high-bandwidth spectrum telecommunication technology. Mainly, it was

proven that the integration was useful to determine an ideal irrigation plan that met

the specific needs of a crop based on the nodes interaction within the greenhouse.

Furthermore, the researchers recommended using reliable hardware with low current

consumption for developing WSN projects, because it generates more confidence to

the farmers concerning its incorporation on their crops.

Fig. 6.5.: Structure and sensors locations of the greenhouse [81].
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In addition, Piamonte et al. proposed in 2017 a WSN prototype for monitoring the

Bud Rot of the African Oil Palm. With the use of pH, humidity, temperature and

luminosity sensors, they aimed to measure climate variations and edaphic (related to

the soil) factors to indirectly detect the presence of the fungus that causes the disease.

Through Figure 6.6 it illustrates the connection scheme (two nodes) that conducted

the data acquisition of edafoclimatic variables with (Node 1) and without (Node 2)

the presence of bud rot. The research results demonstrated that the measurements

of the mentioned abiotic factors presented slightly variations, which, according to the

researchers, supplied indications about the possibility of detecting the Bud Rot of the

African Oil Palm [82]. Thus, monitoring the triggering variables associated with this

disease would minimize its impact on the African Oil Palm trees.

Fig. 6.6.: Connection scheme of the WSN nodes [82].

6.5 Machine Learning

Chemura et al.in 2017 [83], evaluated the potential of Sentinel-2 band in order to

early detect the CLR infection levels due to its devastating rates. Through, the

employment of random forest (RF) and partial least squares discriminant analysis

(PLS-DA) algorithms such levels could be identified for and early CLR management.

The researchers employed the variety Yellow Catuai, which was chosen due to its
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CLR susceptibility. In this matter, Chemura et al. considered only seven Sentinel-2

MSI band for its high resolution stated by previous works in biological studies. Based

on the selected bands, the research results determined that the CLR reflectance was

higher in NIR regions of the spectrum as can be seen in leaves from the band B4 (665

nm), B5 (705 nm) and B6 (740 nm) in Figure 6.7. These bands achieve a high overall

CLR discrimination of 28.5 % and 71.4% using the RF and PLS-DA algorithms. Thus,

the band and vegetation indices derived from MSI of Sentinel-2 achieved a detection

of the disease and an evaluation of the CLR in early stages, avoiding unnecessary

chemical protection in healthy trees.

Fig. 6.7.: Mean spectral reflectance of Coffee Leaf Rust infection levels with

Sentinel-2 bands [83].

As well in 2017 Chemura et al [84] studied the detection of Coffee Leaf Rust through

the reflectance of the leaves’ at specific electromagnetic wavelengths. The objec-

tive of their investigation was to assess the utility of the wavebands used by the

Sentinel-2 MultiSpectral Imager in detection models, which were created using par-

tial least squared regression (PLSR) and the non-linear radial basis function-partial

least squares regression (RBF-PLS) machine learning algorithm. Then, both mod-

els were compared, resulting in a low accuracy prediction of the state of the disease
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for the PLSR, due to its over-fitting, and a high accuracy prediction for the RBS-

PLS model. Additionally, Chemura et al, through weighting the importance of the

variables, found that the Blue, Red and RE1 bands had a high model correlation,

as shown in Figure 6.8, but its implementation excluding the remaining four bands

led to a lower accuracy in both models. On the other hand, if more than one NIR

or RE band were used, the RBS-PLS model developed would over-fit, resulting in

a non-transferable model. However, Chemura et al emphasize the utilization of the

RBS-PLS model due to its machine learning advantage and its good adaptation to

possible model over-fitting.

Fig. 6.8.: Correlation coefficients and significance between the spectroradiometer

wave bands (B2 to B8) and coffee leas rust severity on individual leaves [84].

6.6 Commercial technologies

In addition to the scientific advances regarding the anomalies identification techniques

for disease detection in crops, some companies have also made commercial develop-

ments. These agricultural techniques assess variables such as vegetation indexes,

stress by drought, nitrogen levels [85, 86] among others. Thereby, several patents
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proposed diverse disease detection models based on volatile matter and light infor-

mation [87, 88]. Additionally, a noninvasive and remote detection method seeks to

find a substance presence based on its location and quantity via a spectral imaging

system. This method comprises a spectral filter and an image capture array, which

results in an identification of the symptoms of specific diseases [89].

Companies like Parrot, Agrolevels, and Agrocloud have addressed the detection issue

as an opportunity for developing technologies for better agricultural practices through

multi-spectral cameras as seen Figures 6.9 and 6.10.

Fig. 6.9.: UAV with a parrot sequoia cameras and the results among crops [90].

An example of these cameras, are the Sequoia. This commercial components provides

status of the objective crop based on the reflection bands. In this matter, the symp-

toms of possible diseases can be detected and treated before any repercussion affect

the crop [90,91]. For this reason, the quality of life and productivity of the analyzed

crop is improved.

Fig. 6.10.: Agrocloud app for detection of disease among African Oil Palm [92].
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The presented state of the art shows that several researchers and companies seek the

detection of any vital element like water stress, nitrogen levels, and vegetation indexes

that can lead to an improvement of production and quality in crops, which translates

to an increase in profitability. In the following chapters, it will be explained how

the best practices evidenced in this chapter are integrated to build a cyber-physical

prototype that allows to address the research question of this Master thesis.
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7. DESIGN OF EXPERIMENT

This chapter explains the design of experiment that is implemented in this Master

thesis. It details how it is planned to obtain data for the analysis and presents the

procedure that is used to answer the research question based on the experimental

results. A suited design of experiment is fundamental because it allows estimating to

what extent a factor influences the change of a response variable and helps, at the

same time, by providing statistical support to the conclusions.

7.1 Completely Randomized Design

The design of experiment that is implemented in this Master thesis is called Com-

pletely Randomized Design (CRD). It is used to compare two or more treatments

considering only two sources of variability: treatments and random error. The ob-

jective by using this design of experiment in this project is to analyze whether the

diagnosis of the Coffee Leaf Rust development stage through the integration of RS,

WSN and DL is similar to the one made with a traditional visual inspection. In

that sense, the study factor is the type of inspection, which has two levels (“visual

inspection” and “technological integration”), and the response variable is the devel-

opment stage of the disease, which is a whole number between 0 and 4. Thereby,

the fundamental hypothesis to prove, presented in Equation 7.1, helps by deciding

whether the treatments 1 (“visual inspection”) and 2 (“technological integration”)

are statistically equivalent with respect to their means [93].

H0 : µ1 = µ2

HA : µ1 6= µ2

(7.1)
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The procedure for proving the mentioned hypothesis is called Analysis of Variance

(ANOVA) and requires a data table containing a row for each observation and a

column for each treatment indicating the measurements of the response variable. This

procedure separates the variability due to the treatments from the one attributed

to the random error and compares them. If the former is clearly greater than the

latter, the means of the treatments are different and thus, the type of diagnosis

influences the determined Coffee Leaf Rust development stage. Otherwise, the means

are statistically equivalent and it is possible to conclude that the visual inspection

and the technological integration are similar for diagnosing the disease. Lastly, it is

important to mention that the significance level that is used for proving the hypothesis

is 10 % (α = 0.1) since the problem at hand is related to Agro, where many noise

factors associated with the variation of environmental conditions are involved [93].

7.2 Data collection

For the data collection experiment, 16 six-months old, healthy coffee plants coming

from Jard́ın, Antioquia will be used. Those plants will be stored in a Universidad

EAFIT ’s greenhouse and a Biology team will be in charge of their transplant, agro-

nomic management (elimination of weeds, fertilization and fumigation), inoculation

and supervision. For the inoculation, the Biology team will follow the process de-

scribed in Chemura et al. [83]. It is relevant to clarify that an extra group of diseased

plants will be held as a reserve in case the inoculation of the healthy plants does not

take effect over time.

Furthermore, an Engineering team will be dedicated to the design and assembly of a

system, in the same greenhouse, that integrates RS and WSN. It will allow building

a scale crop, recording different characteristics of it on a regular basis and storing

them on a remote server in order to analyze its phytosanitary status later using DL.

In that way, once the plants are inoculated and the system is verified, they will be
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transplanted to it so that the data collection may begin. For that purpose, the scale

crop is going to be divided into four lots with certain differences in their agronomic

management, which seeks to recreate various circumstances of a real coffee crop.

Thereby, a greater number of scenarios will be covered and the false positive rate

regarding the diagnosis will be reduced. The lot 1 will contain four non-inoculated

plants and they will be neither fertilized nor fumigated; the lot 2 will have four

non-inoculated plants and they will be fertilized but not fumigated; the lot 3 will

have four inoculated plants and they will also be fertilized but not fumigated, and the

lot 4 will have four inoculated plants and they will be neither fertilized nor fumigated.

Finally, the visual inspections for diagnosis the Coffee Leaf Rust development stage

will be carried out by the Biology team for a period of three months. Once per day,

one of them will examine the severity of the disease on each lot and indicate thereby

the value of the response variable for each observation. For its part, the technological

system will automatically record the scale crop’s characteristics from each lot seven

times per day at different moments (with and without sunlight, because field sensors

and cameras have different illuminance requirements). After the data collection phase

finishes, the diagnostic model using DL will be generated and a comparative data table

for the statistical analysis will be produced, based on its predictions and the results of

the visual inspections. As it is expected that a considerable amount of observations

will be made, only 25 % of all collected data will be used for the statistical study. It

should also be noted that, as it is recommended, the order of the table’s entries will

be randomized before executing the analysis.
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8. CONCEPTUAL APPROACH

In order to evaluate to what extent it is possible to diagnose the Coffee Leaf Rust

development stage in the Colombian Caturra variety through the integration of RS,

WSN and DL, it is necessary to obtain empirical evidence by means of an experiment.

Therefore, there is a need to build a prototype that includes a scale coffee crop which

simulates different agronomic conditions and allows to capture data for diagnosing

the disease.

For the construction of the mentioned prototype, the Pahl & Beitz methodology was

followed. The results of the first three phases, which comprise everything up to the

embodiment design, are presented in this chapter.

8.1 Product Design Specification

The Product Design Specification (PDS) shows the main crop, manufacturing, elec-

tronic and software requirements that should be considered for building the appro-

priate prototype. They were gathered from the interviews with coffee and agronomic

experts and conversations with CENICAFÉ, the Biology team, Universidad EAFIT,

the Heads of the Physical and Systems Engineering undergraduate programs at Uni-

versidad EAFIT, data processing experts and the Design team.

The PDS can be seen in Appendix A. The rows represent the categories to which

the requirements belong, namely crop, manufacture, electronics and software. The

crop category specifies the spatial and biological conditions for the growth of the

coffee plants, the manufacture category contains materials and assembly constraints

for building the prototype, the electronics category exhibits the devices to be used
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for collecting data as well as their powering, safety and communication conditions,

and the software category presents the requisites for collecting, storing and process-

ing data in order to diagnose the disease and evaluate the results. For its part, the

columns indicate the needs expressed by the mentioned stakeholders, the specific re-

quirements to be fulfilled arising from those needs, their source and how to measure

them (with units of measurement and range of values), their priority to be met and

the way to validate/verify their compliance.

Moreover, the main requirements for each category are presented with the purpose of

explaining how they are formulated. With respect to the crop requirements and ac-

cording to the interviewees, it is necessary to store coffee plants from the Caturra vari-

ety, which can be guaranteed by acquiring them through a certified Caturra provider.

Regarding the manufacture, the Design team determines that the materials need to be

resistant to environmental conditions (temperature, humidity, soil, etc.), whose com-

pliance can be verified checking immunization and testing the performance during the

construction of the prototype. For its part, an important electronic requirement for

CENICAFÉ and the Design team is to detect the disease by physicochemical changes

in the plants, capturing RGB images per tree from the bottom. The validation of

this requirement can be done with the camera’s specifications and its corresponding

mechanism of action. Lastly, the Design team and the data processing experts see it

as necessary to implement more than five alternatives for the generation of the DL

model, whose compliance can be verified through the comparison of each diagnosis.

8.2 Black box

The PDS serves as the input for creating the Black box towards the generation of a

concept that covers, materializes and meets the main requirements of the stakehold-

ers. The Black box presents the principal function that the prototype must fulfill as

well as the input it receives in order to produce the desired output. The input and
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output are divided into three major flows: matter, energy and signal.

As shown in Figure 8.1, the principal function is to diagnose the Coffee Leaf Rust de-

velopment stage because this is the means to evaluate to what extent it is possible to

equate the results to those of a traditional visual inspection. For that purpose, Coffee

Leaf Rust, coffee plants, organic matter, fertilizer/fungicide, wind, water, electrical

energy, human force, photovoltaic energy, agronomic management information and

the results of the Biology team’s visual inspections regarding the Coffee Leaf Rust

development stage are used as inputs. After passing through the principal function,

the adequate experimental coffee crop, dissipated energy, field sensor and general data

records as well as diagnostic information of the disease are obtained.

Electrical energy

Coffee Leaf Rust

Input information

Energy flowMatter flow Signal flow

Dissipated energy

Adequate experimental
coffee crop

Coffee Leaf Rust 
development stage 

Diagnose

Coffee plants

Organic matter

Fertilizer/Fungicide

Wind

H20

Human force

Photovoltaic energy

Expert information

Field sensor and  
general data 

Fig. 8.1.: Black box of the prototype.

8.3 Functional structure

The Functional structure specifies which sub-functions are there and how they coop-

erate to achieve the prototype’s principal function. In addition, it breaks down the
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inputs and outputs presented in the Black box for a more detailed understanding.

The Functional structure can be seen in Appendix B. The inputs are Coffee Leaf

Rust, coffee plants, organic matter, fertilizer and fungicide, wind, water, electrical

energy, human force, photovoltaic energy, input information about the agronomic

management and expert information about the development stage of the disease.

The Functional structure is divided into two blocks, which correspond to the data

collection and its further processing.

On the one hand, the coffee plants are grouped, combined with the organic matter

and then divided into four lots. In addition, they are separated for inoculating the

Coffee Leaf Rust in half of them and after that, the four lots are assembled again.

For their agronomic management, fertilizer and fungicide are distributed and incor-

porated. Then, each lot is isolated from the others to make the four lots independent

and the whole scale crop is combined with a rain emulation system and a wind sys-

tem. Both rainfall and wind speed for the whole crop are perceived. Furthermore,

using sensors in each lot, pH, illuminance, temperature, humidity and electrical con-

ductivity are perceived, and RGB and multi-spectral images are captured. The state

of each lot is integrated with the expert information to diagnose the Coffee Leaf Rust

development stage and then, this information is clustered with the whole collected

data. To finish the data collection process, the data is stored locally and sent to a

remote server over the Internet.

On the other hand, the data that is received on the remote server is preprocessed for

cleaning purposes and stored in a remote database. In order to create an adequate

model for diagnosing the Coffee Leaf Rust development stage, the stored data is first

divided into three sets, namely training, validation and test. The training set is

processed to build the diagnostic model whereas the validation set serves to assess

its intermediate performance and tune it. Once the diagnostic model is generated,
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the test set is used for evaluating its final performance and a simple visualization

is created to illustrate the results. The outputs of the Functional structure are the

adequate experimental coffee crop and the diagnosed Coffee Leaf Rust development

stage.

8.4 Morphological matrix

In the Morphological matrix, the solution proposals for implementing the differ-

ent prototype’s sub-functions, exposed on the Functional structure, are presented.

Thereby, two candidate concepts are elaborated with the objective to evaluate both

of them under different criteria and decide which is the most appropriate for the prob-

lematic at hand. Each concept is made up of a combination of the solution proposals,

which is represented by a red and a blue path on the Morphological matrix. The red

path indicates the components of the Concept 1 whereas the blue path shows how

the Concept 2 was conceived. The Morphological matrix can be seen in Appendix C.

8.5 Evaluation of concepts

After defining the two candidate concepts for building the prototype through the Mor-

phological matrix, their advantages and disadvantages are analyzed. Furthermore,

possible solutions to the encountered disadvantages are also proposed. In addition,

both concepts are evaluated regarding fifteen different criteria in order to select how

the prototype will be constructed. The Appendix D summarizes the analysis of both

concepts and the Table 8.1 presents their scoring. It is noteworthy that the numbers

inside the parentheses on Appendix D correspond to the numbers of the sub-functions

in the Morphological matrix.
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Table 8.1.: Concepts scoring.

Value scale (score between 0 - 4)

0 = Not satisfied, 1 = Acceptable, 2 = Sufficient, 3 = Good,

4 = Totally satisfied

Solutions

N◦ Evaluation criteria Relevance Concept 1 Concept 2

1 Functionality 11 % 4 3

2 Simplicity 5 % 3 4

3 Fulfillment of requirements 10 % 3 2

4 Robustness 3 % 4 3

5 Fabrication 7 % 3 3

6 Assembly 6 % 3 2

7 Reliability 9 % 3 3

8 Low cost 7 % 3 3

9 Expert criteria 6 % 3 3

10 Crop management 7 % 3 3

11 Maintainability 3 % 2 3

12 Performance 8 % 2 3

13 Usability 5 % 3 3

14 Testability 3 % 3 2

15 Availability 10 % 4 4

Weighted average 3.13 2.96

Total score 100 % 78 % 74 %

The fifteen evaluation criteria that are used for scoring both concepts are explained

below.

• Functionality: how well the concept fulfills the principal function.
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• Simplicity: how simple it is to elaborate and implement the concept.

• Fulfillment of requirements: to what extent the concept fulfills the require-

ments.

• Robustness: how well the concept behaves when failures occur.

• Fabrication: how simple it is to buy, build or develop the components of the

concept.

• Assembly: how easy it is to integrate the components of the concept.

• Reliability: to what extent it is possible to rely on the operation, measure-

ments and processing of the concept.

• Low cost: how cheap it is to construct and implement the concept.

• Expert criteria: what the biology, agronomy, design and research experts

think about the concept.

• Crop management: how adequate the conditions are for the normal growth

of the plants using the concept.

• Maintainability: how simple it is to maintain the concept and correct its

possible failures.

• Performance: how satisfactory the concept is regarding time behavior, re-

source usage and capacity.

• Usability: how easy it is to operate and access the concept and its results.

• Testability: to what extent it is possible to test the different components of

the concept independently.

• Availability: how available the concept is for data collection, processing and

visualization in comparison with the total working time.
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Finally, the result of analyzing and scoring the two candidate concepts determines

that the winning one is the Concept 1 (with 78 % against 74 %). It should also be

noted that the encountered disadvantages and experts’ comments and suggestions are

taken into account to refine the concept and improve its functionality. In that sense,

the Figure 8.2 shows a sketch of the refined final concept for building the prototype

that will allow to evaluate the diagnosis of the Coffee Leaf Rust development stage

in the Colombian Caturra variety by integrating RS, WSN and DL. The sketch is di-

vided into two sections, namely the physical part (Figure 8.2(a)) and the informatic

or cybernetic part (Figure 8.2(b)).

On the one hand, the physical part is composed by four raised wooden beds repre-

senting the lots and separated by four plastic curtains. Every lot contains four coffee

plants and five sensors for measuring pH, soil temperature, soil moisture, illuminance

and electrical conductivity, respectively. In addition, there is a drainage collector un-

der each bed, so that the pH can be read, and a general rain system, which supplies

every lot with water. Within each lot, there is an RGB camera system on the soil that

goes around every plant capturing images from the bottom. Furthermore, a structure

is put in the center of the four lots for supporting a rotary arm, which has a sen-

sor on it for measuring environmental temperature/humidity and is also in charge of

displacing the multi-spectral camera over the lots for capturing images from the top.

Besides, there is a general circuit box that preserves the whole electrical components

safe.

On the other hand, the informatic part has a collector for joining the data coming

from the scale crop and an organizer for structuring it. After being properly arranged,

the data is stored locally and sent to the remote server over the Internet. Then, it

is cleaned (preprocessed) and stored again on the server’s File system. Lastly, the

processing takes place, which generates the diagnostic model as a result. That model

estimates the Coffee Leaf Rust development stage and can be incorporated in the
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creation of a posterior visualization that presents the results graphically.

(a) Final physical concept of the prototype.

(b) Final informatic concept of the prototype.

Fig. 8.2.: Final concept of the prototype.
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9. DETAILED DESIGN APPROACH

Continuing with the Pahl & Beitz methodology, this chapter specifies and structures

the arrangement, forms, dimensions, properties, materials and technologies for the re-

alization of the individual components that shape the final concept for data collection

and processing. The information presented here is fundamental for the transformation

of the mentioned concept into an integrated and functional cyber-physical prototype

that allows to gather the necessary data during the experiment, create a diagnostic

model and achieve the performance evaluation to answer the research question.

9.1 Mechanical Design

For the construction and assembly of the final prototype, the Design team developed a

group of mechanical sub-assemblies. Each of them was in charge of a specific function

in order to accomplish the data collection correctly. The most relevant sub-assemblies

are described in detail below.

9.1.1 Coffee crop lots

For storing the coffee plants, four crop lots are designed, each one housing a set of four

plants with a different agronomic management. The lots are identical in dimensions

and arranged as shown in Figure 9.1, where the X mark in Figure 9.1(b) indicates

the reference standing point. The construction drawings of the structure can be seen

in Appendix E.
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(a) Coffee crop lot modelling.

(b) Coffee crop lots arrangement.

Fig. 9.1.: Coffee crop lots.

9.1.2 pH measurement system

The pH of each lot is measured on its residual water due to the pH–meter’s charac-

teristics and limitations given by the manufacturer. This sensor is not suitable for

being buried in the earth and it can be only used in liquid substances. Therefore,
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each crop lot has a filtering point and a slope, as shown in Figure 9.2, that directs the

water to a container. The slope is built with soil and covered with an impermeable

plastic and a mesh for retaining large soil components.

(a) Filtering point. (b) Filtering slope.

Fig. 9.2.: Crop lot filtering.

At the filtering point, a hose is connected for directing the water to the container,

where the pH–meter is located. It should also be noted that the container has two

drain hoses on its sides for eliminating the excess and trying to keep the most recent

residual water for the measurements. The Figure 9.3 illustrates the sub-assembly,

whereas the construction drawing of this system can be checked in Appendix F.
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(a) pH container modelling. (b) pH system sub-assembly.

Fig. 9.3.: pH measurement system.

9.1.3 Rotary platform

This component rotates to all positions where a coffee plant is placed in order to allow

capturing images from the bottom. The Figure 9.4, in which the green circles repre-

sent the plants, shows the rotary platform at two different stop-positions. In Figure

9.4(a), the platform stopped at position one whereas the Figure 9.4(b) illustrates the

platform after stopping at position four.
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(a) Position one. (b) Position four.

Fig. 9.4.: Rotary platform movement.

When the rotary platform is at a stop-position, a rack-pinion mechanism, called ro-

tary platform’s extension, drives a web-cam close to the corresponding plant. Thereby,

the camera captures an RGB image from the bottom and, once completed, the same

mechanism returns it to its initial position (aka “home”), as shown in Figure 9.5. The

construction drawings of the rotary platform can be seen in Appendix G.

(a) Position two - Extended. (b) Position two - Home.

Fig. 9.5.: Rotary platform’s extension (rack-pinion) mechanism.
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9.1.4 Rotary arm

The Figure 9.6 illustrates the modelling of the rotary arm. This sub-assembly is able

to rotate and position over each lot in order to allow capturing images of the plants

from the top, using two multi-spectral cameras. These cameras, whose characteristics

are detailed later in Section 9.2, are placed at the end of the structure (left side in

Figure 9.6(a)).

(a) Rotary arm modelling with multi-spectral

cameras container.

.

(b) Rotary arm sub-assembly - Isometric view.

.

(c) Rotary arm sub-assembly - Side

view.

Fig. 9.6.: Rotary arm.
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Just like the rotary platform, the rotary arm has four stop-positions, each of them cor-

responding to each lot. The arm’s initial position is always over the first lot (position

one) and it can turn counterclockwise covering all lots until position four. Finally,

once the multi-spectral cameras captured all necessary images, it returns to its initial

position. The Figure 9.7 exemplifies the movement of the rotary arm. Its construc-

tion drawings can be seen in Appendices H and I.

(a) Position one.

(b) Position four.

Fig. 9.7.: Rotary arm movement.
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9.1.5 Rain system

This system is designed in order to enable the irrigation by emulating the rain over

the scale coffee crop, which is crucial for the plants’ growth. In that sense, a solenoid

valve is used for controlling the activation of the system (enable/disable the passage

of water) while a flow sensor helps to keep in track how much water is being used.

Then, a hose system divides the flow and directs water to each lot. Lastly, there is

a wooden L–structure on each lot that supports and elevates three perforated hoses,

which allow to produce the rain effect. The Figure 9.8 shows the modelling of the

rain system, whereas the drawings for its construction can be checked in Appendix J.

(a) Rain system’s primary hose connected to the solenoid

valve (A) and the flow sensor (B).

(b) Rain system sub-assembly.

Fig. 9.8.: Rain system.
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The Figure 9.9 illustrates the final modelling of the prototype’s mechanical part after

assembling all described components into a single larger system.

Fig. 9.9.: Final modelling of the mechanical part of the prototype.

9.2 Electronic Design

The Electronic Design details how the electronic components, such as sensors, ac-

tuators, interfaces, power supplies, micro-controllers, among others, are connected

and integrated with each other in order to receive commands from the prototype’s

cybernetic component, execute them on the scale coffee crop and send a response

back. Therefore, it is relevant to explain in detail the different conditioning inter-

faces, along with the proper power supply for each sensor, the drivers that control

the actuators, the electronic connections between the components, the communica-

tion with the cybernetic part of the prototype, as well as the distribution of all parts

inside an electrical cabinet.
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9.2.1 Arduino 1: Lot data collection

To acquire data from the different sensors and actuators on each lot, an Arduino R©

Mega 2560 is used. This micro-controller (named Arduino 1 in the context of this

research) is necessary for connecting the electronic components and executing the

communication with them during the data collection process. With the purpose of

sensing and controlling the lots independently, a pH–meter, a lux sensor, a soil tem-

perature sensor, a soil moisture sensor, three micro-switches, a mini–DC motor and

a digital servo are installed on each of them. It is noteworthy that the last three

components are necessary for the operation of the rotary platform. In addition, an

environmental temperature/humidity sensor is considered for the whole scale crop

whereas the electrical conductivity is excluded from the study because the potential

sensors are not suitable. It should also be noted that, in order to ensure a plug–and–

play connectivity, the majority of components are commercial ones.

To guarantee the reliability and speed of the measurements during the data collection

process, the sensors and actuators should have minimum range of response and high

accuracy. The selected electronic components for Arduino 1, including their specifi-

cations, are presented below.

For measuring pH, the analog pH–meter Pro from DFRobot R© is selected (see Figure

9.10). This sensor is suitable for long term online monitoring and is considered to

be robust, because its sensitive glass membrane provides a measuring range of 0–14

with an accuracy of ± 0.1 (at 25◦C), as well as a response time less than or equal to

one minute. The sensor’s interface, shown in Figure 9.10(b), is only produced by the

manufacturer. Additionally, the pH–meter Pro requires a supply voltage from 3.3 to

5V [94].



101

(a) pH electrode sensor (with BNC connector). (b) pH sensor circuit board.

Fig. 9.10.: Analog pH sensor/meter pro kit for Arduino R© [94].

For its part, a 5V-powered Light-dependent Resistor (LDR) is used to measure the

illuminance in each lot (see Figure 9.11). This sensor is chosen due to its low cost and

flexibility in the calibration of the physical variable (resistance value). The electronic

component acts like a variable resistance, which changes according to the perceived

light intensity. The Figure 9.11(b) shows the necessary circuit board for reading the

analog signal [95].

(a) Light-dependent resistor

(LDR).

(b) Interface for the LDR.

Fig. 9.11.: Lux sensor [95].
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Measuring variables on the soil becomes a challenge in terms of the protection require-

ments for the electronic components. These requirements involve water resistance,

durability and reliability. In order to collect soil temperature and moisture, two sen-

sors from DFRobot R©, which require a voltage of 5V, are selected. The DS18B20,

shown in Figure 9.12, is a waterproof temperature sensor with measurements from

-10◦C to 85◦C and an accuracy of ± 0.5◦C. The required interface for properly ac-

quiring and conditioning the analog signal is also presented in Figure 9.12(b) [96].

(a) DS18B20. (b) Interface for the DS18B20.

Fig. 9.12.: Waterproof soil temperature sensor [96].

The sensor used for soil moisture readings was a capacitive soil moisture sensor (see

Figure 9.13). It is analog, resistant to corrosion, requires manual calibration and has

a response time less than or equals to one minute [97].
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Fig. 9.13.: Analog capacitive soil moisture sensor [97].

It is also considered as important to measure the micro-climate of each lot i.e. its

environmental temperature and humidity. To this end, a digital temperature and hu-

midity sensor called DHT22 is chosen. This sensor, shown in Figure 9.14, is provided

by DFRobot R© and will be placed on the rotary arm. The DHT22 is a capacitive digi-

tal temperature and humidity module, which ensures a high reliability and excellent

long-term stability due to its sensing technology. Additionally, it has a temperature

range of -40◦C to 80◦C with a 1◦C resolution and a maximum error of ± 0.5 ◦C. For

its part, the humidity range is between 0 % and 100 %, with a 0.1 % resolution and

an error less than or equal to 2 % [98].

Fig. 9.14.: Environmental temperature/humidity sensor [98].
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In addition to the sensors connected to the Arduino 1, there are two types of actuators

that allow the operation of the rotary platform. These actuators are essential to move

the web-cam close to each coffee plant in order to capture the necessary images. One

of them is the Dynamixel AX-12A digital servo from ROBOTIS R© (see Figure 9.15),

which is used to guarantee the precise rotation of the platform so that the camera

faces each plant on the lot [99].

Fig. 9.15.: Dynamixel AX-12A actuator [99].

This advanced actuator, which has become the standard for robotic projects, oper-

ates with 12V/1.5A, has a stall torque of 15.3 kg·cm, a 0◦– 300◦(59 rpm) resolution

and communicates through an Universal Asynchronous Receiver-Transmitter (UART)

protocol. Additionally, it is possible to track its speed, temperature, position, torque

and load. Moreover, it has a built-in micro-controller, whose control algorithm allows

to precisely preserve the shaft’s position [99]. However, an extra compatible digital

servo shield from DFRobot R© (see Figure 9.16) is required for the interoperability with

Arduino R© [100].
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Fig. 9.16.: Digital servo shield for Arduino R© [100].

In addition to the rotation of the platform, another actuator is required to perform

the extension using the rack-pinion mechanism. For that purpose, a motor–reducer

(aka mini–DC motor), powered by 5V and shown in Figure 9.17(a), is used. The

specifications of the selected electronic component are sufficient for the weight that

the mechanism needs to move (∼ 230 g). It has a speed-ratio of 1:120, a current con-

sumption without load less than or equal to 350mA and an approximate rotational

speed of 110 rpm [101]. Furthermore, a H-bridge, called L298N, is incorporated in

order to control the motor–reducer. The L298N (see Figure 9.17(b)) is a driver capa-

ble of handling the speed and direction of at most two DC–motors by virtue of two

transistors integrated to it. This module works with a voltage range of 3V – 34.5V,

a maximum current of 2A and a logic control voltage of 5V [102]. Since the H-bridge

is able to control two DC–motors simultaneously, only two of them are necessary for

controlling the required four motor–reducers.
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(a) Motor-reducer [101]. (b) H-bridge [102]. (c) Micro-switch.

Fig. 9.17.: Electronic components of the rotary platform’s extension [101,102].

Besides, three micro-switches, like the one on Figure 9.17(c), are necessary to send a

digital signal to the Arduino 1 as stop criterion for the rotary platform’s extension.

Taking into account that the coffee plants are not placed at the same distance from

the platform, as seen in Figure 9.5, and that it is necessary to return the mechanism

to the “home” position, the micro-switches should be installed in three different po-

sitions. Those positions are: 0 (no extension for “home”), 1 (partial extension for

near plants) and 2 (total extension for distant plants).

The Appendix K contains the detailed schema of the connections between each of

the presented electronic components and Arduino 1. The corresponding pins and

necessary power supplies are also exposed in it.

9.2.2 Arduino 2: General data collection

Another Arduino R© Mega 2560, called Arduino 2 in the context of this research, is

necessary for the collection of general data and the plants’ growth. It is in charge

of controlling the rain system, retrieving the wind sensor’s readings and moving the

rotary arm for capturing the necessary multi-spectral images. The selected electronic

components are explained below.
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For the rain system, three essential components are needed: i) a solenoid valve, ii) a

relay module and iii) a flow rate sensor. The solenoid valve, shown in Figure 9.18(a),

is used to enable/disable the flow of water through the system. It has a rated voltage

of 12V, a current of 0.4A, a working pressure of 0.02 MPa – 0.8 MPa and a withstand

static pressure of 2.0 MPa [103]. This actuator cannot be remotely activated with-

out the proper circuit board. Therefore, a relay module (see Figure 9.18(b)) from

DFRobot R© has to be connected to the valve. This module provides a digital connec-

tion for Arduino R© that allows its activation/deactivation and therefore, the change

on the solenoid valve’s state. The relay module has a switching current of 10A in NO

and 5A in NC and a maximum switching voltage of 150VAC / 24VDC [104].

(a) Solenoid valve. (b) Relay module. (c) Flow rate sensor.

Fig. 9.18.: Electronic components of the rain system [103–105].

Additionally, a flow rate sensor, which is provided by the same manufacturer and

shown in Figure 9.18(c), is necessary for getting feedback about the volume of water

being used. Its specifications include a voltage range of 3.5V – 12V, an operating

current of 15mA and an accuracy of ±5% for readings between 2 L/min and 30

L/min [105].

For its part, a weather station kit with anemometer/wind vane/rain bucket from

DFRobot R© is required for measuring the wind variable. The kit is shown in Figure
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9.19(a). For this research, only the anemometer (wind sensor) is used since the only

variable to be recorded is the wind speed. Additionally, this kit needs the circuit

board showed in Figure 9.19(b) in order to retrieve the readings through a serial

communication. The circuit board requires a 5V power supply with a current con-

sumption of 10mA [106].

(a) Anemometer/wind vane/rain bucket. (b) Circuit board for weather station.

Fig. 9.19.: Weather station kit [106].

Considering the weight of the rotary arm and its length, a DC–motor with high

torque is required for moving it over the lots. Therefore, the actuator to be used is

the Pololu R© (1443) 30:1 12V, shown in Figure 9.20(a). It is a brushed DC motor with

a 30:1 metal gearbox and an integrated quadrature encoder that provides a resolu-

tion of 64 counts per revolution of the motor shaft. Additionally, at 12V, it reaches a

no-load speed of 350 rpm with a current consumption of 300 mA, and a stall torque

of 110*in with a current of 5000mA [107]. To control the motor’s voltage, current,

speed and direction, a robust and precise driver is required. This driver, shown in

Figure 9.20(b), is the G320X. It supports a power supply range between +18VDC and

+80VDC, which allows a maximum motor’s current of 20A, has a quiescent current

of 30mA, a 5VDC power supply for the encoder and channels for reading signals with

a switching frequency of 20 kHz [108].
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(a) DC-motor 12V. (b) Driver for the DC-motor.

Fig. 9.20.: Electronic components of the rotary arm [107,108].

Taking the minimum operating voltage of the G320X into account, a buck-boost

switching regulator called LTC3780 is also required. This component, shown in Fig-

ure 9.21, guarantees an output voltage of +18VDC from a 12VDC power supply due

to its input voltage range of 5V – 32V and an adjustable output range of 1V – 30V.

Its maximum output current is 10A.

Fig. 9.21.: Buck-boost switching regulator [109].

The Appendix L contains the detailed schema of the connections between each of

the presented electronic components and Arduino 2. The corresponding pins and

necessary power supplies are also exposed in it.
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9.2.3 Raspberry Pi R©

Both Arduino 1 and Arduino 2 operate according to certain commands that they

receive through a Serial connection. For sending those commands and being able to

manage the data collection process, a Raspberry Pi R© 3 B+ is selected. This single-

board computer, shown in Figure 9.22, is responsible for orchestrating the sequence

of commands which are necessary to execute a data collection routine. To this end,

not only both Arduinos but also all cameras are connected to it.

Fig. 9.22.: Raspberry Pi R© [110].

The Raspberry Pi R© is powered by the Broadcom BCM2837B0 communication proces-

sor (Cortex–A53 (ARMv8) 64–bit SoC @ 1.4 GHz), it has a 1GB LPDDR2 SDRAM,

an extended 40-pin GPIO header and four USB 2.0 ports. The required power supply

is 5V/2.5ADC [110]. Considering that two Arduinos, four web-cams (one per lot)

and two multi-spectral cameras will be used for the data collection, it is necessary to

incorporate an external powered USB-hub in order to have enough available ports.

Thus, the USB-hub shown in Figure 9.23 is selected. This electornic component has

seven USB 3.0 ports and requires a power supply of 5V/2A.
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Fig. 9.23.: USB 3.0 super speed hub.

Regarding the web-cams, the Logitech R© camera, shown in Figure 9.24, is chosen for

capturing RGB images from the bottom of the plants. This web-cam is a portable,

affordable, has a compact size and a flexible support that allows to set it in different

angles. Additionally, this component has a current consumption of 250mA and a

resolution of 720p [111].

Fig. 9.24.: C270 Logitech HD webcam [111].

With respect to the multi-spectral cameras, which are used to capture the reflected

radiation of wavelengths that are not perceptible for the human eye, two cameras

from MAPIR R©, called Survey3 and shown in Figure 9.25, are used. Based on the

information of Chapter 6, the Red+Green+NIR (RGN) and RedEdge (RE) camera–

filters are chosen for being suitable to identify crop diseases, including the Coffee Leaf
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Rust. Thus, one camera centered in the wavelengths 660 nm – 550 nm – 850 nm and

another one centered in the 735 nm wavelength are selected for capturing images from

the top of the plants. The Survey3 incorporates a Sony R© Exmor R IMX117 12MP

sensor and a sharp non-fish-eye lens for perceiving light in specific wavelengths. It is

able to capture images with a default timer–trigger or when receiving a Pulse-width

modulation (PWM) signal through its HDMI port. Besides, it includes an USB-

transfer-mode for accessing the media, which can be entered or exited using also a

PWM signal [112,113].

Fig. 9.25.: Survey3 multi-spectral camera [112,113].

The detailed electronic schema of the Raspberry Pi R© can be seen in Appendix M.

Its electronic connections with the Arduinos, RGB and multi-spectral cameras are

shown in it.

9.2.4 Electrical cabinet

In order to protect, store and structure the components from the Arduino 1, Ar-

duino 2 and Raspberry Pi R©, an electrical cabinet is required. This cabinet must have

at least an IP5 environmental protection, due to the harsh conditions to which the

system will be exposed inside the greenhouse. In addition, this cabinet must have

electrical protection to ensure the integrity of the electronic components. To this
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end, a current security breaker is necessary to avoid damages due to a peak current

of 10A, considering that the calculated prototype’s total current consumption is ap-

proximately 7A. This security is also attached to the 110VAC power supply to avoid

possible inconsistencies. Furthermore, two independent 12V power supplies are used

for the solenoid valve, the digital servos and the DC–motor, along with an individual

protection fuse of 4A. For its part, an ATX 500W (20A) power source, with a pro-

tection fuse of 2A, is in charge of distributing 5V to all sensors and actuators that

require it.

The Appendix N summarizes the distribution of the electrical/electronic components,

including the whole power supplies. This cabinet is structured into three principal

sections: i) a bottom section for the sensors circuit boards, 5V-GND power supply

and the security breaker, ii) a middle section for Arduino 1 and Raspberry Pi R©, and

iii) a top section for Arduino 2 and the USB–hub.

It is noteworthy that two extra 9V/1A AC/DC adapters are necessary to power

each micro-controller in order to prevent them from consuming USB–hub’s current.

Consequently, two extension cords are required to be able to provide 110VAC to

all mentioned electrical devices. In that sense, the AC/DC power adapters for the

Raspberry Pi R© and both Arduinos, the USB-hub, the ATX power source, the 12V

power supplies, as well as a WiFi router for data transfer, are connected to those cords.

Lastly, it should also be noted that the cabinet’s input/output points for the cables

corresponding to the power sources, AC/DC adapters, RGB and multi-spectral cam-

eras, sensors and actuators are displayed in Appendix N. Approximately 800 m of 22

AWG cable, which can handle a current of 5A, are needed for signals and 5V-GND

supply, whereas about 100 m of 24 AWG cable are required for supplying 12V.
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9.3 Informatic Design

The Informatic Design details how the physical components are communicated with

the cybernetic part of the prototype in order to orchestrate the data collection, trans-

fer and posterior processing properly. Thus, it is important to explain the functions,

commands, components, architectures, content specifications and platforms, which

are thought as necessary for managing the incoming and outgoing data flow and

finally determining the Coffee Leaf Rust development stage.

9.3.1 Arduinos

To execute the necessary actions according to the commands sent from the Raspberry

Pi R© to the Arduinos, different functions are defined for the communication with each

sensor and actuator. In that sense, the Figure 9.26 shows the functional schema of

Arduino 1.
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Fig. 9.26.: Functional scheme of Arduino 1.

For its part, the functional schema of Arduino 2 is presented in Figure 9.27.

Fig. 9.27.: Functional scheme of Arduino 2.
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In addition, the Table 9.1 describes the functions for the acquisition, conditioning

and storage of the values of each sensor and actuator of the Arduino 1, whereas the

Table 9.2 presents the functions that are determined for managing the components

wired to the Arduino 2. The result after executing each function is also explained.

Table 9.1.: Functions of Arduino 1.

Function Description Result

collectData L1()
Collect, condition and store readings acquired

from lot 1 field sensors

Global stored values of pH, soil temperature/moisture,

illuminance and environmental temperature/humidity

from lot 1

collectData L2()
Collect, condition and store readings acquired

from lot 2 field sensors

Global stored values of pH, soil temperature/moisture,

illuminance and environmental temperature/humidity

from lot 2

collectData L3()
Collect, condition and store readings acquired

from lot 3 field sensors

Global stored values of pH, soil temperature/moisture,

illuminance and environmental temperature/humidity

from lot 3

collectData L4()
Collect, condition and store readings acquired

from lot 4 field sensors

Global stored values of pH, soil temperature/moisture,

illuminance and environmental temperature/humidity

from lot 4

move RP1(x)
Rotate dynamixel of lot 1 to the position

x (where x ∈ [0, 1, 2, 3, 4])
Global stored value of lot 1 dynamixel position (0-300◦)

move RP2(x)
Rotate dynamixel of lot 2 to the position

x (where x ∈ [0, 1, 2, 3, 4])
Global stored value of lot 2 dynamixel position (0-300◦)

move RP3(x)
Rotate dynamixel of lot 3 to the position

x (where x ∈ [0, 1, 2, 3, 4])
Global stored value of lot 3 dynamixel position (0-300◦)

move RP4(x)
Rotate dynamixel of lot 4 to the position

x (where x ∈ [0, 1, 2, 3, 4])
Global stored value of lot 4 dynamixel position (0-300◦)

pos 0(x)
Move RGB camera arm extension’s to

position 0 from plant x(where x ∈ [1, 2, 3, 4])
Global stored value of RGB camera arm extension’s state (0)

pos 1(x)
Move RGB camera arm extension’s to

position 1 from plant x(where x ∈ [1, 2, 3, 4])
Global stored value of RGB camera arm extension’s state (1)

pos 2(x)
Move RGB camera arm extension’s to

position 2 from plant x(where x ∈ [1, 2, 3, 4])
Global stored value of RGB camera arm extension’s state (2)
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Table 9.2.: Functions of Arduino 2.

Function Description Result

l min()
Collect, condition and store readings acquired

from flow-rate sensor when solenoid is enable

Global stored value of the flow rate

(l/min)

determine direction() Determine direction of the DC motor based on position Pin state for DC motor direction

WindSpeedAverage() Read, condition and store readings from the serial buffer Global stored value of the wind speed (m/s)

move to destination() Enable PWM pin to activate DC motor until destination DC motor move to the given destination

9.3.2 Communication commands Raspberry Pi R©-Arduinos

In order to collect data from the field sensors and capture the multi-spectral and RGB

images, a series of commands are defined for the communication between the Rasp-

berry Pi R© and both Arduinos. Raspberry Pi R© (the master) is in charge of managing

the whole data collection process. For that purpose, it sends specific commands to the

Arduinos (the workers) through a serial connection, so that they execute the necessary

actions accordingly and return the result. The Table 9.3 explains the commands for

the communication with Arduino 1 while the Table 9.4 presents the communication

commands with Arduino 2.
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Table 9.3.: Communication commands Raspberry Pi R©-Arduino 1.

Command Description Result

L1\n
Get all field sensor readings and rotary

platform’s state (0/1) from lot 1

Readings for pH, soil temperature/moisture, illuminance,

environmental temperature/humidity, rotary platform’s

angle/extension’s state (0/1) from lot 1

L2\n
Get all field sensor readings and rotary

platform’s state (0/1) from lot 2

Readings for pH, soil temperature/moisture, illuminance,

environmental temperature/humidity, rotary platform’s

angle/extension’s state (0/1) from lot 2

L3\n
Get all field sensor readings and rotary

platform’s state (0/1) from lot 3

Readings for pH, soil temperature/moisture, illuminance,

environmental temperature/humidity, rotary platform’s

angle/extension’s state (0/1) from lot 3

L4\n
Get all field sensor readings and rotary

platform’s state (0/1) from lot 4

Readings for pH, soil temperature/moisture, illuminance,

environmental temperature/humidity, rotary platform’s

angle/extension’s state (0/1) from lot 4

RPL1P0\n
Move lot 1’s rotary platform to the

position one - Home
The lot 1’s rotary platform’s angle/extension’s state (0/1)

RPL1Px\n
Move lot 1’s rotary platform to the

position x (where x ∈ [1, 2, 3, 4]) - Extended
The lot 1’s rotary platform’s angle/extension’s state (0/1)

RPL2P0\n
Move lot 2’s rotary platform to the

position one - Home
The lot 2’s rotary platform’s angle/extension’s state (0/1)

RPL2Px\n
Move lot 2’s rotary platform to the

position x (where x ∈ [1, 2, 3, 4]) - Extended
The lot 2’s rotary platform’s angle/extension’s state (0/1)

RPL3P0\n
Move lot 3’s rotary platform to the

position one - Home
The lot 3’s rotary platform’s angle/extension’s state (0/1)

RPL3Px\n
Move lot 3’s rotary platform to

the position x (where x ∈ [1, 2, 3, 4]) - Extended
The lot 3’s rotary platform’s angle/extension’s state (0/1)

RPL4P0\n
Move lot 4’s rotary platform to the

position one - Home
The lot 4’s rotary platform’s angle/extension’s state (0/1)

RPL4Px\n
Move lot 4’s rotary platform to the

position x (where x ∈ [1, 2, 3, 4]) - Extended
The lot 4’s rotary platform’s angle/extension’s state (0/1)
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Table 9.4.: Communication commands Raspberry Pi R©-Arduino 2.

Command Description Result

GD\n
Get all general sensor readings, solenoid valve’s

state (0/1) and rotary arm’s angle

Readings for flow rate, wind speed, solenoid valve’s

state (0/1) and rotary arm’s angle

RAL1\n Move rotary arm to lot 1 The rotary arm’s angle

RAL2\n Move rotary arm to lot 2 The rotary arm’s angle

RAL3\n Move rotary arm to lot 3 The rotary arm’s angle

RAL4\n Move rotary arm to lot 4 The rotary arm’s angle

RB\n Open the solenoid valve to enable water flow The solenoid valve’s state (0/1)

RE\n Close the solenoid valve to disable water flow The solenoid valve’s state (0/1)

9.3.3 Raspberry Pi R©

The Raspberry Pi R© orchestrates every step during the routine that collects data from

the scale coffee crop and executes this process seven times during the day automati-

cally (with and without sunlight with the purpose of covering all sensors). It is also

in charge of triggering when the solenoid valve’s state has to change in order to acti-

vate/deactivate the rain system according to a pre-set calendar. The Raspberry Pi R©

communicates with both Arduinos, receives and organizes data, reports current state

during the process to Thingworx R© (IoT platform), triggers the cameras to capture

the RGB and multi-spectral images, stores everything locally in a structured way and

transfers the collected data to the Academic Data Center (ADC) (remote server) over

the Internet using a WiFi connection. It is also relevant to mention that the software

to be used for the implementation is Python 3.5.3, OpenCV 3.4.1 [114], RPi.GPIO

0.6.3 [115] and MongoDB R© [116]

For the Raspberry Pi R© to work properly, it is necessary to develop a set of components

that fulfill different functions. After that, they can be integrated to achieve the

automatic data collection. The components are explained below.

• Data subdirectory creator : creates a subdirectory and its internal structure

on the main data directory each time a data collection routine begins.
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• Arduino R© communicator : establishes the communication with each Arduino R©,

sends the commands and groups the returned results.

• Data structurer : organizes and transforms the data coming from both Ar-

duinos in order to structure which value belongs to which reading.

• Document local writer : writes a document locally containing the collected

field and general sensor data.

• Thingworx R© communicator : reports the current state during the data col-

lection process to Thingworx R©, so that the whole system can be remotely mon-

itored in real-time.

• Image capturer : captures RGB images and saves them locally. It is also

in charge of managing the rotation and resize operations on the multispectral

images.

• Pulse generator : communicates with both multispectral cameras and gen-

erates the different pulses necessary to trigger them. It makes the cameras

capture images and also puts them in transfer-mode in order to allow accessing

the captures.

• Data copier : finds the most recent captured images on the multispectral

cameras and copies them to the local storage.

• MongoDB R© communicator : inserts the documents containing the field and

general sensor data into a remote MongoDB R©. MongoDB R© is a scalable and

flexible document-oriented database, which stores data in JavaScript Object

Notation (JSON)-like documents [116].

• VPN connector : checks whether the Virtual Private Network (VPN) con-

nection, which allows the communication with the ADC over the Internet, is

established because it is mandatory for storing the data remotely. It is also in

charge of verifying the Internet connection status.
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• Data uploader : given a path to a local directory containing the collected

data of a specific routine, creates the same directory structure in the ADC and

uploads every single file to its corresponding place. It replicates the local storage

remotely.

In addition, it is relevant to illustrate how the data is structured and specify the con-

tent of each data collection routine. When it is time to collect data, a directory with

the format ddmmYYYYHHMMss is automatically created, where dd, mm, YYYY,

HH, MM and ss represent day, month, year, hour, minutes and seconds, respectively.

For instance, if the process occurs on December 20th 2018 at 16:30:04 hours, the cre-

ated directory would be 20122018163004. The internal structure of the mentioned

directory is composed by five subdirectories: lot 1, lot 2, lot 3, lot 4 and gen-

eral data. Each lot x subdirectory contains a JSON file with the corresponding

field sensor data, four RGB images (one per plant on the lot) and two multispectral

images (one per camera), while the general data subdirectory has a single JSON

file inside with the general sensor data. The JSON files’ keys are detailed below.

• ph: the pH sensor reading (field data).

• soil temperature: the soil temperature sensor reading (field data).

• soil moisture: the soil moisture sensor reading (field data).

• illuminance: the illuminance sensor reading (field data).

• env temperature: the environmental temperature sensor reading (field data).

• env humidity: the environmental humidity sensor reading (field data).

• rotary platforms angle: the current rotary platform’s angle (field data).

• rotary platform extensions state: the current rotary platform extension’s

state (0/1) (field data).

• lot number: the lot number to which the data belongs to (field data).
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• plant 1: the path to the image of the plant in position 1 (field data).

• plant 2: the path to the image of the plant in position 2 (field data).

• plant 3: the path to the image of the plant in position 3 (field data).

• plant 4: the path to the image of the plant in position 4 (field data).

• rgn: the path to the Red+Green+NIR (RGN) multispectral image (field data).

• re: the path to the RedEdge (RE) multispectral image (field data).

• flow rate: the flow rate sensor reading (general data).

• wind speed: the wind speed sensor reading (general data).

• solenoid valves state: the current solenoid valve’s state (0/1) (general data).

• rotary arms angle: the current rotary arm’s angle (general data).

• timestamp: the timestamp of the data collection in Coordinated Universal

Time UTC format (field and general data).

In order to clarify how a data collection routine works, the Figure 9.28 details the

whole pipeline from the sensor readings and image captures until the remote storage.

The data from internal and external sensors/actuators is gathered and smoothed by

Arduino 1 and Arduino 2 respectively, whilst RGB and multispectral images are cap-

tured by the cameras. The totality of the data is collected by the Raspberry Pi R©,

which constantly notifies the progress to Thingworx R© while it creates a single data

package organized under the mentioned structure. The package containing the doc-

uments with the lots and general data, as well as the images, is stored locally. In

addition, the documents are inserted into the remote MongoDB R©, which resides in

the ADC, and the entire data package is uploaded via Secure File Transfer Protocol

(SFTP) to the ADC’s File system. At that point, the data collection routine finishes.
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Finally, it is also relevant to mention how the collected data can be reviewed so that

the process can be verified. Using a personal computer, Thingworx R©, the Raspberry

Pi R© and the ADC can be accessed over the Internet. The access to the IoT platform

just requires a web browser, while the Raspberry Pi R© and the ADC can be remotely

inspected through the graphical desktop sharing system Virtual Network Computing

(VNC) or the cryptographic network protocol Secure Shell (SSH).
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9.3.4 Thingworx R©

Thingworx R© is a complete technology platform designed for the industrial IoT [117].

Within the framework of this project, it is used to visualize the field and general data

in real-time while the data collection routine is executed. Thanks to it, it is possible

to remotely and timely check whether a sensor/actuator is reporting anomalous read-

ings or the process is not behaving as it should and take corrective actions accordingly.

The Figure 9.29 presents the overview of the data visualization dashboard. It is com-

posed by five blocks, four on the top for each lot and another one on the bottom

for the general information. The widgets that are incorporated to create the dash-

board are LED displays, Shapes and Labels. The LED displays show in blue numbers

the values for pH, soil temperature/moisture, illuminance, environmental tempera-

ture/humidity, rotary platform’s angle, flow rate, wind speed and rotary arm’s angle.

The Shapes make it possible to partially or totally fill their background with a specific

color according to a particular value. Thus, they are useful to indicate the rotary plat-

form extension’s state and the solenoid valve’s state. The Labels are plain text and

they are used to clarify which widget belongs to which property as well as to show the

timestamp of the last received reading. Additionally, it is important to mention that

the Raspberry Pi R© reports data to Thingworx R© through Hypertext Transfer Protocol

(HTTP) requests to the services that the platform exposes in order to update every

single block on the visualization dashboard.
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Fig. 9.29.: Data visualization dashboard.

9.3.5 Academic Data Center

The ADC is the remote server that the Computer Science Department of Universidad

EAFIT provides to its students to potentiate their academic and research projects.

It is composed by a powerful set of machines with high processing and storaging

capabilities (64 Cores, 512 GB RAM, 4 TB Storage, 1 GPU Tesla K80 and Ubuntu

Operating System) and can be accessed over the Internet through a VPN connection

and an username-password authentication.

Within the framework of this project, the ADC is used to remotely store the data

collected on the physical part of the prototype. Both the MongoDB R© instance in

it as well as its File system make the replication of Raspberry Pi’s local storage

possible and facilitate the ubiquitous access to that information. Furthermore, the

ADC is the place where the data preprocessing, model generation and Coffee Leaf

Rust development stage diagnosis occur. It is also relevant to mention that the soft-
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ware to be used for the implementation is Python 3.6.0, NumPy 1.16.0 [118], Pandas

0.24.0 [119], Scikit-learn 0.20.2 [120] and Keras 2.2.4 [121] running on top of Ten-

sorFlow 1.12 [122].

The Appendix O illustrates how the collected data is manipulated in order to extract

the model that will be used to diagnose the development stage of the disease in ques-

tion. Five sub-directories ranging from 0 to 4 are created in order to classify the lot

data directories according to their corresponding label (i.e. development stage). For

that purpose, the Biology team determines the labels carrying out visual inspections

on field on all plants once a day during the whole data collection phase. In that

sense, it assigns a whole number between 0 and 4 to each plant on each lot evaluating

the plant leaves’ severity level and calculates the specific lot’s label as the rounded

average of its four plants’ disease development stages. In order to avoid visiting the

scale coffee crop several times per day, all data directories between the penultimate

and last visual inspection corresponding to the same lot are labelled with the same

value, which was determined on the most recent checkup. In that way, the visual in-

spections and the lot data classification in the mentioned five sub-directories happen

simultaneously.

Additionally, it is crucial to mention that an extra rgb images directory containing

five sub-directories (ranging from 0 to 4) is created within every classified lot data

directory that has RGB images. This is done to assign every image of this type to the

correct label, considering that it may differ from the lot’s one to which the image be-

longs. For its part, the JSON files and multi-spectral captures have the same label as

the lot’s one in which they reside. Furthermore, in the case of images in general, they

are visually checked one by one in order to keep only the ones with valuable content

(focus, brightness level, etc.) and remove the others. Besides this, a script is exe-

cuted to eliminate the irrelevant JSON files (those with missing values and outliers)

as well as the sub-directories that end up with no content. At the end, there will be
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five sub-directories containing the data from the whole lots properly labelled. Those

sub-directories are the ones that will be used for the generation and final evaluation

of the diagnostic model, taking into account that the diagnosis will be at the lot level.

Once all data is correctly distributed, the content of each of the five sub-directories is

virtually shuffled and the elements per file type are counted for every sub-directory.

Then, per label sub-directory, the minimum of those values is found, its 25 % is

calculated and the file type associated with that minimum is determined. The result-

ing numbers indicate the number of files per the respective determined file type and

per label that can be used, at most, for testing the diagnostic model. Taking those

threshold numbers into account, the shuffled lot data directories within each label

subdirectory are individually analyzed with the purpose of splitting them into two

groups, namely train and test sets. If a particular lot data directory is considered as

complete (i.e. it has a JSON file, the two multi-spectral images and at least one RGB

image) and supposing that using its files for testing does not exceed the corresponding

threshold, then it is copied under the same structure to another location in order to

feed the test set. Otherwise, the lot data directory is also copied but to grow the

train set. Thereby, the train set (∼ 75% of all data) will be used to train and tweak

the model whilst the test set (∼ 25% of all data) will be only incorporated at the

time of the diagnosis evaluation.

After the two sets are properly obtained, one sub-model is generated for each file type

i.e. JSON, RGB, RGN and RE. For the JSON files, MLP is used, whereas CNNs are

implemented to classify the RGB, RGN and RE images. For that purpose, the data

on the train set is first divided into four subdirectories according to the file type, while

preserving the same structure. Then, each of them is preprocessed so that the noise is

removed from the images and the irrelevant keys in the documents are also identified

and eliminated. After that, the corresponding data is loaded within each sub-model’s

generation, divided into feature data (the files themselves) and label data (the names
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of the label subdirectories that contain the files) and permuted. Thereby, the data

is randomly mixed while it is still possible to know each feature’s respective label

unequivocally. Then, if applicable, the data is normalized and structured in order to

scale the input and format it as recommended when using deep ANNs. On having

the data prepared, different architectures and hyperparameter values are tried out to

train the sub-model with the purpose of tuning it for reaching higher performance

values on the predictions.

The technique for tuning the sub-model is called Grid search with cross-validation.

It consists in executing an exhaustive search over specified hyperparameter values for

an estimator in order to find out which combination achieves the best performance,

which is by default the higher accuracy but different metrics can be chosen. Using

this technique, one candidate estimator for each combination of hyperparameters is

built and evaluated, so that the best estimator, its attributes and its average perfor-

mance can be extracted once the search is completed [123]. For its part, the procedure

for measuring the average performance of each candidate estimator during the gen-

eration of the sub-model is called k-fold cross-validation, where k separate learning

experiments are run on the same estimator in order to calculate k performance val-

ues and average them. To achieve this, the feature and label data are split at the

beginning into k nonoverlapping subsets (aka “folds”), so that on every experiment

one different fold is kept for measuring the performance, whereas the remaining k -

1 are put together to form the train set for fitting the estimator [124]. Finally, when

the Grid search processes conclude, the four sub-models are extracted and saved for

the definitive diagnosis about the Coffee Leaf Rust development stage.

For selecting the best estimator during the Grid search with cross-validation, the cho-

sen metric is the F1-score, which, in the multi-label case, is the weighted average of

the labels’ F1-scores. The F1-score of the label L is a value in the [0, 1] range and it is

calculated as the harmonic mean of the estimator’s precision and recall with respect



129

to L (see Equation 9.1). The precision with respect to L is the ratio of the number

of times that L was correctly predicted to the overall number of times that L was

predicted. For its part, the recall with respect to L is the ratio of the number of times

that L was correctly predicted to the overall number of times that L should have

been predicted. Thereby, the general F1-score reaches its best value at 1, indicating

that the estimator perfectly matches the reality, and its worst at 0, showing that the

estimator never coincides with the reality [125].

F1−scoreL =
2 ∗ precisionL ∗ recallL
precisionL + recallL

(9.1)

At this point, the data that was kept to be only incorporated at the time of the

diagnosis evaluation is brought up. First, the sub-models are loaded. Then, each lot

data directory contained in the test set is submitted to the following process. At the

beginning, its data is divided according to the file type. After that, each type is sent

to its corresponding sub-model, where it is first cleaned, normalized and structured

applying the same particular procedures that were used to prepare the data for the

sub-model generation. Subsequently, the sub-model makes his own prediction based

on it. It is also relevant to mention that, considering that the diagnosis is made at the

lot level, the RGB sub-model could be used up to four times per lot data directory

before retrieving its result (which is the rounded average of its predictions). The final

step consists in joining the outcomes of the four sub-models and calculating their

rounded weighted average, taking the respective F1-scores into account to determine

the weights. Thereby, the definitive lot’s Coffee Leaf Rust diagnosis is obtained and

it is recorded among with the processed lot data directory’s label. Once the whole

test set is covered, a table showing comparative results is generated for the statistical

analysis and the performance reached by the composite model is assessed with the

calculation of the F1-score.
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10. PROTOTYPING AND RESULTS

After designing the cyber-physical prototype in detail, the next step consisted of ma-

terializing it. In that sense, this chapter shows the building process of the final proto-

type, the main difficulties that were faced, and the respective modifications that were

made on all disciplines in order to achieve its correct integrated functioning and to

address the research question. Additionally, the scope and limitations are described.

Finally, the obtained results, including the diagnostic model, the comparative table

for the statistical analysis and the performance reached, are also presented.

10.1 Mechanical Prototyping

The Mechanical Prototyping shows how the sub-assemblies were constructed and how

they were joined to form the larger system. Here, the different steps involved in this

process are explained and illustrated below.

10.1.1 Rotary arm

It began with the construction of the support structure for the rotary arm. First,

the central tube was cut according to the required dimensions, and then, two passing

holes were drilled for the installation of a set of curtains, as shown in in Figure 10.1,

which were planned to work as a separation between the four crop lots.
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(a) Central tube drill mounting. (b) Central tube being drilled.

Fig. 10.1.: Rotary arm’s support manufacture.

Next, some steel square profiles were cut and welded meeting the design dimensions

in order to shape a base structure. Then, they were welded to the central tube’s end

which was not drilled, as shown in Figure 10.2, with the purpose of serving as its

support.
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(a) Base structure. (b) Welding base structure to the central

tube.

Fig. 10.2.: Central tube’s support manufacture.

At the other end of the central tube, a steel plate was welded for placing the the

rotary arm sub-assembly. After that, the whole structure was painted to protect it

against corrosion. Figure 10.3 shows the rotary arm’s finished support structure.
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Fig. 10.3.: Finished rotary arm’s support structure.

Referring to the arm as such, the construction began with the welding of a set of steel

plates in a C-shape, which would be the base for all the components of the system.

In addition, a bent plate was assembled for anchoring the drive motor in charge of

the arm’s rotation.

Then, two flange bearings and a steel shaft were mounted on the main base. Lastly,

two spur gears were assembled, one on the arm’s shaft and the other on the drive

motor’s shaft, in order to allow the arm’s movement. It should also be noted that

the arm’s shaft was manufactured within the Universidad EAFIT ’s workshops, while

the bent plate and gears were made outside the campus. Figure 10.4 illustrates the

mentioned structure.
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Fig. 10.4.: Rotary arm’s main base.

In addition, a long steel square profile was welded to the arm’ s shaft, which would

be in charge of holding the multispectral cameras over the lots. On the arm’s end,

the cameras had their mounting point. Figure 10.5 shows the assembled rotary arm.
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(a) Arm’s profile on the main base.

(b) Mounting point of the arm’s profile

for the multispectral cameras.

Fig. 10.5.: Assembled rotary arm.

Once the arm and its support structure were constructed, they were installed in a

Universidad EAFIT ’s greenhouse. The process and result are illustrated in Figure
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10.6.

(a) Terrain leveling. (b) Arm support structure installa-

tion.

(c) Rotary arm fully installed.

Fig. 10.6.: Installation of the rotary arm.
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For this part, a support structure for the multi-spectral cameras was built, which

would be placed on the previously mentioned mounting point. It consisted of a steel

plate with an aluminum bent plate, in which the cameras (protected inside their

water proof cases) were installed, and a steel square profile with multiple passing

holes welded to that steel plate. Those passing holes were planned to allow height

adjustment. The Figure 10.7 shows the rotary arm after installing the multispectral

cameras.

Fig. 10.7.: Installation of the multispectral cameras.

10.1.2 Coffee crop lots

Due to the emulated rain conditions that the prototype would be submitted to, immu-

nized wood was chosen for the construction of the coffee crop lots since it is resistant

to moisture. The wood was cut and assembled within the Universidad EAFIT ’s work-

shops in order to form the lots. At the bottom of each of them, a mesh in conjunction
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with a plastic tarp was installed to contain the soil. The Figure 10.8 illustrates the

building process.

(a) Immunized wood. (b) Crop lot assembly.

(c) Mesh and plastic tarp in-

stallation.

Fig. 10.8.: Construction of the crop lots.



139

After the four lots were built, they were taken to the greenhouse and installed as

shown in Figure 10.9. The positions described in Section 9.1.1 guided the installation.

Fig. 10.9.: Crop lots on their respective positions inside the greenhouse.

10.1.3 Rain system

Near the greenhouse, in which the final cyber-physical prototype was assembled, there

was a water source. Thus, a hose was connected to it and lead to the crop lots with

the purpose of feeding the rain system. The Figure 10.10 presents the result.
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(a) Water source. (b) Hose for feeding the rain system.

Fig. 10.10.: Connection to the water source.

All accessories that conformed the pipeline for the incoming water were installed over

immunized wooden blocks. In addition, steel profiles were screwed below the blocks

and then, the whole wooden base was buried in order to keep the structured fixed.

Finally, as shown in Figure 10.11, five supports were also installed on two adjacent

sides of each lot for mounting a wooden L-structure over them. That structure was in

charge of serving as a base for three additional hoses with small perforations, which

would distribute the water within the lot producing the rain effect.
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Fig. 10.11.: Rain system’s L-structure.

10.1.4 pH measurement system

Within each lot, a slope was built for the residual water to flow towards a filtering

point. The slope was made with soil and an impermeable plastic in conjunction with

a plastic mesh was placed on top of it. The Figure 10.12 shows the building process.
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Fig. 10.12.: Slope towards the filtering point.

At the filtering point, a hose was connected in order to lead the residual water to

the container for pH measurement. The latter was installed on a wooden base and

two holes were made on its lid, one for the mentioned hose and the other for the

pH-meter. Furthermore, two additional perforations were also made on the container

sides for installing the drain hoses. The Figure 10.13 illustrates the assembly of the

pH measurement system.
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Fig. 10.13.: Assembly of the pH measurement system.

10.1.5 Rotary platform

For the assembly of this system, several acrylic pieces were cut, including the rotary

platform, rack, pinion, support for the rack, base and protection for the web-cam,

supports for the mini-DC and DC motors and stop for the rotary platform’s exten-

sion. The Figure 10.14 shows the assembly of both motors to the platform, along

with three micro-switches for indicating the extension’s position and a set of wheels

for smoothing the rotation. In addition, it is noteworthy that a bent aluminum plate

was used for keeping the mini-DC motor fixed to its support.
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Fig. 10.14.: Motors, micro-switches and wheels on the rotary platform.

For its part, a drawer slide was installed below the rotary platform’s extension allow-

ing its movement and therefore, the camera displacement towards the coffee plants,

as shown in Figure 10.15. Besides this, the base for the web-cam was placed at one

end of the extension and a protective case was built around it using four acrylic walls

with the aim of avoiding the entry of water from the rain system. Thereby, not only

the camera but also the mini-DC motor would be safe.



145

(a) Front view of the the web-

cam assembly.

(b) Side view of the the web-

cam assembly.

Fig. 10.15.: Web-cam assembly.

Lastly, for placing the rotary platforms on the lots, steel plates were assembled to the

supports of the digital servos. Additionally, four levellers were screwed to the corners

of each plate in order to put them underground for fixing the whole structure. As

illustrated in Figure 10.16, the rotary platform was finally placed on top of a wooden

base to mitigate the terrain’s instability.
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Fig. 10.16.: Rotary platform placed on a lot.

After following the mentioned procedures to accomplish the subsystems assembly

and integrating them into a single system, the general operation was tested and some

drawbacks occured. For instance, the unstable and irregular terrain, on which the

rotary platform relied, as seen in Figure 10.16, caused the acrylic surface not to

be perpendicular to the Dynamixel’s shaft. As a consequence, an over-torque was

applied to the latter sometimes, which blocked it for receiving further commands

with the purpose of preventing its internal damage. The solution was to put the

levelers of the rotary platform on wooden boards in order to give more stability to

the structure and try to ensure its rotation. Additionally, the proposed design for the

pH measurement system made it difficult to filter the water effectively and prevent

soil particles from entering the pH container. Although this system was not modified

during the construction of the prototype, a better solution for future work could

consist in installing a plastic cover below each lot forming a funnel structure towards
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the pH container. Then, before reaching it, it would be useful to put a porous plastic

fabric for filtering the residual water from the soil.

10.2 Electronic Prototyping

The Electronic prototyping details how each sensor and actuator was tested, cali-

brated and integrated with the micro-controllers composing the data collection sys-

tem. Due to the harsh conditions where the rain factor is continuously present, the

components had to have individual connectors for their protection and easy mainte-

nance, as seen in Figure 10.17. Then, in order to provide a hermetic seal, a thick

silicon layer was applied to their metal terminals.

Fig. 10.17.: Example of individual connector assembly.

Then, using Appendix P, two types of signals (analog and digital) and the required

circuit board that is adequate by each component could be identified. On the other

hand, Table 10.1 aims to test the correct functioning of the interaction between both

Arduinos, Raspberry Pi R© and the cameras connected to the latter. The purpose of

the table was to ensure the integration of all the components related to the data

collection system, dividing the analysis into function names, command response and

observations from the Arduinos with the single board computer.
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Table 10.1.: Checklist to test Raspberry Pi’s components.

Commands Observation Component

L1

L2

L3

L4

Arduino 1

GD Arduino 2

RGB 1

RGB 2

RGB 3

RGB 4

RGN

RE

Raspberry Pi R©

On the other hand, Appendix R shows the protocol applied to test sensors and ac-

tuators on the greenhouse. This table is divided into columns of continuity tests

for signal and voltage, functioning, and observations based on the operation of each

component. Finally, Appendix T demonstrates the final checklist based on the in-

tegration’s response between both Arduinos and the Raspberry Pi R© to commands

from the corresponding component (Arduino, RGB or multi-spectral) on the green-

house. Additionally, it has also an observation column if any anomaly shows up. In

the following subsections, the individual steps are listed in order to accomplish the

integration of each Arduino and the Raspberry Pi R© inside the electrical cabinet.

10.2.1 Electrical cabinet

The electrical cabinet is in charge of containing, protecting and distributing the essen-

tial components of the data collection system. Due to harsh conditions it is subjected
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to, it involves the protection of these components from water, dust and high temper-

atures. Figure 10.18 shows the final location of the two cabinets aside from the data

collection system.

Fig. 10.18.: Electrical cabinets’ location.

The first step was dividing the electrical cabinet with plastic rails as stated in Sub-

section 9.2.4, and as seen in Figure 10.19(a). Additionally, Figure 10.19(b) shows

the location of the breaker protection and the block terminals. Throughout these

terminals, the 5V and GND are distributed all along the cabinet. In this way, this

power supply may distribute the demand voltage to the required components.
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(a) First divisions assem-

bly of the electrical cabi-

net.

(b) Detailed view of ter-

minal blocks in the cabi-

net.

Fig. 10.19.: First steps of the electrical cabinet.

Due to the number of elements and the sole cabinet for the project, a new cabinet

was required to store and protect the ATX power supply, as seen in Figure 10.20. As

a result, this supply feeds the junction boxes and the corresponding sensors with 5V

and GND.
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Fig. 10.20.: ATX 5V power source.

10.2.2 Arduino 1

The lot data collection Arduino is the most demanding micro-controller of the two

Arduinos, as seen in Subsection 9.2.1. Thus, testing each sensor and actuator for

this micro-controller was the first step of the prototyping process. As seen in Figure

10.21, each component was tested using Appendix P, in order to check its correct

functioning before being integrated and installed in the greenhouse.
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(a) Dynamixel with circuit

board.

(b) Testing DHT’s. (c) Measuring

analog moisture

sensor.

Fig. 10.21.: Individual testing of sensors and actuators from Lot data collection

Arduino.

Additionally, Appendix Q details the results of the tests done in the laboratory for

all the components handled by the Arduino 1. Afterwards, the 22 AWG cable was

cut and then mounted in a sealed connector for each sensor and actuator that would

go towards the electronic enclosure (cabinet). However, the sole element that did not

need a connector was the Dynamixel. This was due to the fact that the cables have

their own connector which was compatible with the circuit board and the Dynamixel.

Consequently, each component was placed and put on their corresponding position

within the lots. For example, Figure 10.22(b) and Figure 10.22(a) show the final

location of the LDR and soil moisture sensors.
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(a) Soil moisture sensor. (b) LDR on the rotatory plat-

form.

Fig. 10.22.: Sensors in position on the greenhouse.

Subsequently, the cables from all the sensors and actuators from the four lots were

guided through an impermeable PVC tube. Then, the 5v and GND power supply

cables were connected to some terminal blocks within the junction box, installed aside

of the Lot 2 and 3 as seen in Figure 10.23.

Fig. 10.23.: Power supply junction box.
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It is noteworthy to clarify that these junction boxes were introduced to avoid the

excessive use of cable, so the 5V and GND from the electrical cabinet was distributed

to most of the sensors and actuators. Subsequently, the signal cables continued their

path through the plastic PVC tubes towards the electrical cabinet, which distributed

the incoming cables to their corresponding circuit boards, as seen in Figure 10.24.

Moreover, these boards were connected to the Arduino 1 pins as stated before, and

as seen in Figure 10.25.

(a) Circuit boards

for Arduino 1.

(b) Detailed view of circuit boards for Ar-

duino 1 in the cabinet.

Fig. 10.24.: Circuit boards from Arduino 1.

After coupling all sensors and actuators to the corresponding pins of the Arduino, the

continuity, voltage, and ground values were checked for each lot component could be

reported through the greenhouse checklist from Appendix R. Based on this report,

some elements presented a lack of continuity on their signal cables but not on their

supply ones. Among these elements of interest, the LDR and soil temperatures sen-

sors were the most important during the final check. Due to the lack of contact within

the connector, the LDR connectors were removed and replaced by only two individual

wires. This was not the case for the soil temperature ones, because instead of the lack

of continuity, the sole circuit board dedicated for the four of them generated a loss of

data for two of these sensors, which was due to the lack of continuity of the circuit
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board from the signal wire. As a result, it was decided to join the sensors from lot one

and two into a single circuit board, and the others from lot three and four into another

one. This method of verification (checklist table) let recognize and solve the incon-

sistency data issue. Although, to prevent future any inconsistent contacts among the

Arduino connection, a terminal block shield was coupled to it ensuring connectivity

between the sensors and itself, as shown in Figure 10.25(b). Finally, the functions

from this Arduino, which can be seen in Table 9.1, were tested with a satisfying result.

(a) Arduino 1 installed on

the electrical cabinet.

(b) Detailed view of Arduino 1 with terminal blocks

on the cabinet.

Fig. 10.25.: Arduino 1 installed on the electrical cabinet.

10.2.3 Arduino 2

The General data collection micro-controller acquires and controls the external vari-

ables involving the greenhouse. These components are in charge of controlling and

sensing the rain system, rotatory arm, and wind sensor, which were established in

Subsection 9.2.2.
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The rotatory arm system was tested without any load by controlling the number of

pulses given by a specific command. Figure 10.26 demonstrates an example of such

testing process. On the other hand, all components were tested and assembled with

a sealed connector and the 22 AWG corresponding wire length according to their

position in the greenhouse.

Fig. 10.26.: Testing Pololu (DC-motor) with GECKO driver.

Since all the elements were integrated into the Arduino 2, the laboratory checklist

based on Appendix Q determined successfully its correct functioning. As the com-

ponents of the Arduino 2 passed the table checklist, the next step was moving and

installing them on the greenhouse to their established location depending on the sub-

system they belong.

The cables from the Pololu R© (DC-motor), Flow-rate, and Solenoid-valve were guided

through a single PVC tube towards the cabinet. Inside the cabinet, the wires, which

reached their final destination, were guided and positioned to their corresponding

circuit boards as instructed on the Subsection 9.2.2, and as the connections seen in

Figure 10.27.
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(a) Arduino 2 installed on the

electrical cabinet.

(b) Detailed view of Arduino 2

in the cabinet.

Fig. 10.27.: Arduino 2 installed on the electrical cabinet.

After connecting the general data collection wires to their respective circuit boards

and then the latter to the Arduinos, the cables continuity were checked alongside with

voltage 5V, 12V, and GND. The checklist ensured the correct voltage and continuity

of the cables coming off the components and its power supply. Based on this result,

the next step was testing the functions of the Arduino on the greenhouse, as seen in

Table 9.2.

During the testing process, a lack of accuracy of the rotatory arm’s precise position

was detected, whose origin was due to the given pulses. To address this problem,

it was required to integrate a gear with a ten turns potentiometer to the Pololu as

seen in Figure 10.28(b). This addition provided a precise feedback position of the

rotatory arm for the micro-controller. Besides that, the electromagnetic noise was

also present, leading to a replacement of the Pololu R©’s AWG cables and the poten-

tiometer normal cables to shielded ones in order to insulate the signals from the noise.
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(a) 10 turns potentiometer installed on the

rotary arm.

(b) Detailed view of 10

turns potentiometer on

the rotatory arm.

Fig. 10.28.: Position of the implemented potentiometer with the rotatory arm.

Finally, the Arduino 2’s blueprint was changed due to the potentiometer’s addition

and its corresponding circuit board. Those changes are reflected in Appendix S.

10.2.4 Raspberry Pi R©

Using Appendix T, it was possible to easily identify the issues that any component

presented. Employing the commands from Tables 9.3 and 9.4 on the Raspberry Pi R©,

the data collection system was tested as a whole. However, the data collection rou-

tines’ test presented problems from PWM signal sent by the Raspberry Pi R©in order

to change the multi-spectral camera’s mode. Thanks to the checklist table, it was de-

termined that the origin of the problem was due to the electromagnetic noise caused

by the 110V power surge as stated before. Therefore, it was decided to implement

and replace the AWG cables with shielded cables as well, ensuring a insulated signal

from the single board computer to the multi-spectral cameras.

Another faced problem during the electronic prototyping was activating the RGB

cameras correctly. This problem was caused mainly by the quantity of elements
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connected to the USB hub, and that only two of the seven available ports were

powered (2A). Hence, two USB hubs had to be added with four constant energized

USB ports as seen in Figure 10.29(b).

(a) Overview of the

USB hubs’ distribu-

tion on the electrical

cabinet.

(b) Detailed view of the four USB 3.0 port hubs.

Fig. 10.29.: Electrical cabinet new distribution with the USB hub’s.

Subsequently, these hubs were installed on the electrical cabinet, and then distribute

the RGB cameras with the Arduinos on the USB ports from both hubs. Neverthe-

less, the Raspberry Pi R© started to block as the test routines continued due to the

overheating of the electrical cabinet. Thus, to solve this overheating, a fan towards

the CPU was implemented, relieving the high temperature. Given these points, the

electronic blueprint of the Raspberry Pi R© changed to reflect the provided solutions.

This final version is detailed in Appendix U.

The successful integration was accomplished as a result of the feedback from the

checklist tables in order to overcome the series of drawbacks that put on risk the

electronic section. For future work, it is recommended to use shielded cables instead

of AWG for all sensor and actuator signals, preventing electromagnetic noise. Like-
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wise, it could be considered to implement the PRO version of the pH sensor, which

allows to use it directly measure the pH in the ground and not only in liquid, avoiding

the construction of a water filter system. As a consequence of the amount of water

caused by the rain system, the LDR sensitive layer is affected by corrosion. Hence,

it is recommended to implement an encapsulated LDR as seen in Figure 10.30, with

the intention of preventing this damage.

Fig. 10.30.: Encapsulated LDR.

Alternately, to prevent the use of so much wiring, it could be considered to apply a

serial communication with the RS485 chip. This component would allow to divide

the lot acquisition by nodes, making it scalable and with fewer cables integrated only

into one Arduino Mega. However, the most crucial consideration is separating the

100 VAC power supply from the electronic components on a different cabinet from

the same as where the micro-controllers and circuit boards are located.

Two factors that caused the high temperature inside of the cabinet were the overheat-

ing of the Raspberry Pi R©, and the heat exchanged from the external environment to

the metal plate (cabinet). A possible solution to this problem could be applying a fan

to extract the cabinet heat to the exterior, but due to the hermetic seal protection

from the cabinet, entering air/water particles inside the cabinet was not possible.
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Therefore, it is proposed to implement liquid refrigeration on the Raspberry Pi R©, for

future work.

10.3 Informatic Prototyping

The Informatic Prototyping shows the implementation process of the final prototype’s

cybernetic component. It includes the communication between the Raspberry Pi R©

and both Arduinos, the interaction with the cameras, the structuring and transfer of

the collected data, the integration with Thingworx R© and the local/remote storage.

Furthermore, the preprocessing of the data as well as the generation of the DL model

for diagnosing the Coffee Leaf Rust development stage are presented below.

10.3.1 Communication commands Raspberry Pi R© - Arduinos

The first step in the informatic prototyping consisted of connecting the Raspberry

Pi R© (the master) with the Arduinos (the workers). For that purpose, the Arduino R©

communicator component was implemented and the whole commands presented in

Tables 9.3 and 9.4 were duly tested. The mentioned component was able to establish a

Serial connection with both Arduinos, send any command to each of them separately

and group the responses of the micro-controllers into single programming objects for

their posterior structuring and storage. It is noteworthy that it was necessary to add

a delay between the establishment of the connection and the sending of commands

since no response was received on the Raspberry Pi R© otherwise.

In addition, the Data structurer component was also implemented for organizing the

responses coming from the Arduinos and giving meaning to them i.e. structuring

which value belonged to which sensor’s or actuator’s reading. Thanks to the inte-

gration of the mentioned components, it was possible to effectively send commands

from the Raspberry Pi R© to each Arduino R©, trigger its appropriate functions and

consolidate the results in an understandable way. It should also be noted that the
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integration was tested executing a script that incorporated both components and

allowed to manually change which command to send.

10.3.2 Raspberry Pi R©

Once the bidirectional communication between the master and the workers was suc-

cessfully established, several components were implemented and tested to enable the

general operation of the data collection system. Then, the Raspberry Pi R© was able

to use these components in order to orchestrate the routines.

Next, the Data subdirectory creator component was implemented for creating a subdi-

rectory within the main data directory using the timestamp at which a data collection

routine began. Additionally, it was in charge of generating the proper internal struc-

ture, which consisted in one subdirectory for each lot and another one for the general

data. This component was tested at different times on different days, resulting in a

satisfactory outcome. As an example, Figure 10.31 shows one of these created subdi-

rectories.

Fig. 10.31.: Internal structure of an automatically created subdirectory.

The next developed component was the Thingworx R© communicator, which allowed

to send data to the IoT platform to update the visualization dashboard. Using the
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output of the Data structurer component, the Thingworx R© communicator was able

to add the necessary credentials and format them properly in order to send an update

request to the corresponding end-point in Thingworx R© (the available end-points are

presented in the next section). As a result, it was proven that it was possible to

collect data from the Arduinos and report it immediately to the IoT platform, so the

readings could be monitored remotely and in real-time.

The next step consisted in implementing the Image capturer component. As the name

implies, it was in charge of triggering the correct RGB camera for capturing images

of 640x480 pixels on a specified lot and saving the resulting files locally. Besides this,

considering that the images of the multi-spectral cameras were captured at different

positions according to the lot and that they were also very large (3000x4000 pixels),

the mentioned component was able to rotate them to emulate that all of them had

been captured on different lots but preserving the position as well as convert them to

a more manageable size (640x853 pixels). Then, the Image capturer was duly tested.

In this regard, Figure 10.32 shows an example of two RGB images captured in the lot

3 whereas the Figure 10.33 illustrates the rotation applied to multi-spectral images

from lots 1 and 3.

(a) Plant 3. (b) Plant 4.

Fig. 10.32.: RGB images captured in the lot 3.
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(a) Original image from lot 1. (b) Rotated image from lot 1.

(c) Original image from lot 3. (d) Rotated image from lot 3.

Fig. 10.33.: Original and rotated multi-spectral images from lots 1 and 3.

When the Image capturer component was tested, it was found that it was necessary

to add a delay between the camera selection and its triggering in order to avoid errors

when capturing the images. It is important to mention that the testing was carried

out executing a script that incorporated this component and allowed to manually

change which camera to trigger.
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For the interaction with the multi-spectral cameras, two components were developed,

namely Pulse generator and Data copier. On the one hand, the Pulse generator was

in charge of generating the necessary pulses for changing the behavior of the cameras

i.e. constantly sending pulses to them in order to maintain the communication and

to modulate the pulse width anytime for capturing images, or setting the mode in

which the cameras were required to be (capture-mode or transfer-mode). Due to

possible electromagnetic noise, the component contained also a safety-check to verify

the current mode of each camera before taking any action on them. On the other

hand, considering that the captured images were saved on the internal storage of each

multi-spectral camera, the Data copier component was implemented for finding the

most recent files on them and copying those files to the Raspberry Pi’s local storage

for their further transfer. The integration of both components along with the Image

capturer one allowed to successfully trigger each camera to capture an image, set

them to transfer-mode, copy the correct files to the Raspberry Pi R©, rotate and resize

them properly and finally set the cameras to capture-mode again. Figure 10.34 shows

an example of two multi-spectral images on the Raspberry Pi R©.

(a) RGN image from lot 1. (b) RE image from lot 1.

Fig. 10.34.: Multi-spectral images on the Raspberry Pi R©.
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The mentioned integration was tested executing a script that incorporated the three

(3) mentioned components and allowed them to interact with each camera separately.

It should also be noted that it was required to add delays between the changes of

the camera’s mode and also between the capture/transfer actions in order to avoid

unexpected behaviors and data loss.

The next step consisted of implementing the Document local writer component. Its

goal was to add the respective timestamp to the output of the Data structurer com-

ponent and store it as a JSON file (aka document) on a specified location within

the Raspberry Pi’s local storage. The resulting document could contain either the

collected field sensor data or the general sensor data from the scale coffee crop depend-

ing on which command was sent through the Arduino R© communicator component.

Whenever the document contained field sensor data, if the corresponding data collec-

tion routine was executed with sunlight, it included also the paths to the captured

images. The Document local writer ’s behavior was then successfully proven, where

the Figure 10.35 illustrates an example of two documents belonging to the same rou-

tine stored in the Raspberry Pi R©.
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(a) Field sensor data and paths to the images from lot 4.

(b) General data.

Fig. 10.35.: Documents from the same routine stored in the Raspberry Pi R©.

Additionally, an important developed component was the VPN connector, which was

in charge of checking the status of the VPN connection before trying to store the

data remotely, since its establishment was mandatory for reaching the ADC over the

Internet. Moreover, it was also used to verify the status of the Internet connection

every time the interaction with the Thingworx R© communicator occurred or once the

data was ready to be transferred to the remote server. Subsequently, the VPN con-

nector was duly tested and the result was its capability of validate the connectivity
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requirements in a satisfactory manner.

The last two components that were implemented for completing a data collection rou-

tine were theMongoDB R© communicator and the Data uploader components. The for-

mer was able to insert the documents containing the collected data into a MongoDB R©

instance within the ADC as well as managing the respective connection. For its part,

the latter was in charge of replicating each data subdirectory on the Raspberry Pi’s

local storage into the ADC’s File system i.e. creating the same subdirectory’s in-

ternal structure and uploading every single file to its corresponding place via SFTP.

It is relevant to mention that both components had additional logic for retrying the

data transfer whenever an error occurred during the upload and also a timeout for

avoiding an infinite transaction. The MongoDB R© communicator as well as the Data

uploader were then tested under an intermittent VPN connection using a manually

created subdirectory, proving that both of them made their best effort within the

timeout restriction to upload the data to the remote server i.e. they followed the

retry protocol as expected and transferred as many files as possible.

Finally, a master script called data collection.py was implemented in order to

incorporate the whole mentioned components and orchestrate the steps to complete a

data collection routine. This script had one schedule for collecting data and another

one for the rain days and times. Furthermore, it was composed of five functions

(described in Table 10.2), which were in charge of invoking each component, whenever

it was required during the process, in order to cause the desired behavior on the cyber-

physical system.



169

Table 10.2.: Functions of the data collection.py script.

Function Description

collect data for visualization
Collects field and general sensor data (without using the cameras)

and sends it to Thingworx for real-time monitoring and visualization

collect partial data for storage
Collects field and general sensor data (without using the cameras),

stores it locally and transfers it to the remote server

collect total data for storage
Collects field and general sensor data (also using the cameras),

stores it locally and transfers it to the remote server

begin rain Starts the rain on the scale coffee crop

end rain Finishes the rain on the scale coffee crop

In that sense, the data collection.py script was duly tested and the result showed

that it permanently scanned over its schedules and successfully executed the appro-

priate functions at the right time. It should also be noted that a complete routine had

to generate twenty nine files (one JSON file for the general data, one JSON file per lot

for the field sensor data, two multi-spectral images per lot and four RGB images per

lot). For instance, Figure 10.36 presents an example of the lot 3 directory’s content

on the Raspberry Pi R© after one data collection routine concluded.

Fig. 10.36.: Lot 3 directory’s content after a data collection routine.

10.3.3 Thingworx R©

The data visualization dashboard was developed using Thingworx R© according to the

presented design. Its appearance was preserved and it was accessible through an URL
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with user-password authentication. Every used widget had an unique identifier to tar-

get each of them separately, for updating their values. In that way, it was proven that

one or more readings of the scale coffee crop could be sent through a HTTP-POST

request from the Raspberry Pi R© to Thingworx R© and that only the expected values

got modified on the visualization dashboard. Furthermore, each time a request was

received, the respective timestamp was logged with the purpose of showing it on the

visualization and looking to enhance the monitoring. Besides this, the whole dash-

board was automatically updated every second with the last recorded value for each

variable.

In order to correctly update the data, five end-points were created and exposed.

Each of them was in charge of updating the values within a specific block on the

visualization dashboard. The Table 10.3 describes the input and output of the five

mentioned end-points.

Table 10.3.: End-points for updating the data in the visualization dashboard.

End-point Description Input Output

update lot 1
Updates the values corresponding

to the lot 1 block

JSON object with the values

for the update

JSON object with

the updated values

update lot 2
Updates the values corresponding

to the lot 2 block

JSON object with the values

for the update

JSON object with

the updated values

update lot 3
Updates the values corresponding

to the lot 3 block

JSON object with the values

for the update

JSON object with

the updated values

update lot 4
Updates the values corresponding

to the lot 4 block

JSON object with the values

for the update

JSON object

with the updated values

update general data
Updates the values corresponding

to the general data block

JSON object with the values

for the update

JSON object

with the updated values
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10.3.4 ADC

Once a data collection routine finished on the Raspberry Pi R©, the procedure to verify

that the result was satisfactory consisted of checking the ADC’s File system and look-

ing for the corresponding data subdirectory. Thus, the file number inside of it had

to match the number of uploaded files by the Data uploader component and those

files should be located in exactly the same place, as if they were in the local subdi-

rectory. Additionally, the files had to be identical with respect to their name and

content. The mentioned verification was carried out during several days after each

data collection routine and it was proven that the data transfer to the remote server

was successful. Figure 10.37 illustrates a comparison example between the content of

a local subdirectory of the lot 3 and its remote replica.

(a) Content of the local subdirectory.

(b) Content of the remote subdirectory.

Fig. 10.37.: Content comparison of the same subdirectory locally and remotely.
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Regarding the data processing phase, several informatic components and scripts were

implemented in order to generate the diagnostic model based on the collected data.

In that sense, the ADC’s File system was first examined, then all directories contain-

ing lot data were extracted and manually assigned to their respective label directory.

In total, 1,580 directories were classified by the Biology team with the label 0, no

directories with the label 1, 121 directories with the label 2, 195 directories with the

label 3 and 248 directories with the label 4. Besides, an extra rgb images directory

containing five sub-directories (ranging from 0 to 4) was created within every classi-

fied lot data directory that had RGB images. Thereby, those images could be moved

to their corresponding label within each lot data directory. At this point, all images

were also visually depurated in order to remove non-valuable content.

Additionally, a script called cleanStructure.py was developed and executed in order

to eliminate the irrelevant JSON files (those with missing values and outliers) as well

as the lot data directories that ended up with no content following that elimination.

After the execution of the script, the label 0 directory contained 860 items, the label

1 directory 0 items, the label 2 directory 67 items, the label 3 directory 108 items

and the label 4 directory 135 items.

The resulting label directories were used for splitting the data into train and test sets.

To achieve this, a script named dataSplitter.py was used, which allowed to shuffle

the lot data directories within each label directory, count the elements per file type,

calculate the number of files of a specific type that should be included in the test set

and, according to this number, copy a fraction of the lot data directories to another

location for evaluation purposes. The execution of the mentioned script successfully

created the train and test sets, which contained approximately 75 % and 25 % of the

whole data respectively. It is noteworthy that the label 1 directory was excluded from

both sets since it was empty. However, it was kept inside the rgb images directories
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because some RGB files were classified under that label.

Subsequently, the content of the lot data directories within the train set was divided

according to the file type. A script called createStructure.py was developed and

executed in order to achieve that. As a result, four different directories were gen-

erated under the names json data, rgb data, rgn data and re data, each of them

storing all files of a specific type. In total, the json data directory was composed

by 672 files, the rgb data directory by 2,192 files, the rgn data directory by 603

files and the re data directory by 641 files. Then, the content of those directories

was preprocessed using a script called preProcessing.py. It allowed to clean the

files by locating the plants and removing the background, in the case of images, and

eliminating unnecessary keys, in the case of documents. Figure 10.38 illustrates an

example of four preprocessed files.
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(a) Preprocessed JSON file. (b) Preprocessed RGB file.

(c) Preprocessed RGN file. (d) Preprocessed RE file.

Fig. 10.38.: Example of preprocessed JSON, RGB, RGN and RE files.

After the mentioned directories were duly preprocessed, a script called data struc-

turing.py, along with four components named JSON data structurer, RGB data

structurer, RGN data structurer and RE data structurer, was used to produce one

file per directory containing the data for the generation of the respective sub-model.

The files were produced with the help of the pickle module, which implements bi-

nary protocols for serializing and de-serializing a Python programming object. In

that sense, the data structuring.py script was in charge of taking each directory,

loading its raw files into memory, resizing them to reduce the spatial complexity (in

the case of images), structuring them and their labels into two separate suitable pro-
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gramming objects (feature data and label data), permuting both of them, normalizing

the feature data and, finally, generating a pickle file containing the resulting objects.

Thereby, the input for each sub-model was successfully created.

Once the input data was structured, a script called sub model generator.py was

implemented in order to generate one sub-model for each file type. To this end

and considering that the sub-models were meant to be created individually, four

components named JSON sub-model generator, RGB sub-model generator, RGN sub-

model generator and RE sub-model generator were also developed. Each of those

components allowed to load the programming objects contained in the respective

pickle files into memory, calculate the class weights (i.e. a weight for each label

according to its occurrence on the data to account for label imbalance during training),

set the sub-model’s architecture, create a hyperparameters grid and find the best

estimator, including the employed hyperparameters and the performance reached,

using Grid search with cross-validation. Lastly, the corresponding component saved

the generated sub-model (best estimator) into a h5 file, which is a format designed to

store and organize large amounts of data. Appendix V summarizes the architectures

of the sub-models whereas the Table 10.4 shows the selected hyperparameters and

obtained F1-score for each of them.

Table 10.4.: Hyperparameters and F1-score for each generated sub-model.

Sub-model Batch size Epochs Kernel initializer Activation Rate Optimizer F1-score

JSON 16 20 normal relu 0.4 adam 0.651319

RGB 16 6 glorot uniform relu 0.4 adam 0.948832

RGN 32 9 glorot uniform elu 0.3 adam 0.927606

RE 16 6 normal relu 0.4 adam 0.878447

The last step to complete the informatic prototyping consisted of integrating the four

presented sub-models and evaluating the composite model i.e. diagnosing the Cof-
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fee Leaf Rust development stage through it, creating a comparative table with the

results and calculating the model’s performance. For that purpose, a script called

model evaluator.py was implemented. It was in charge of loading the sub-models

into memory, iterating over the whole test set, taking each lot data directory within

it, dividing the contained files according to their type and preprocessing them, resiz-

ing them to reduce the spatial complexity (in the case of images), normalizing and

structuring each file according to the sub-models’ expected input and sending them

to its corresponding sub-model for getting a prediction. Besides, the script allowed to

gather the four predicted labels and calculate their rounded weighted average, since

the generated sub-models presented different performances for diagnosing the Coffee

Leaf Rust development stage. The Table 10.5 shows the weights for the predictions of

each sub-model, which were determined as the proportion of each F1-score in Table

10.4 with respect to the sum of all F1-scores.

Table 10.5.: Weights for the predictions of each sub-model.

Sub-model Weight for predictions

JSON 0.191215

RGB 0.278559

RGN 0.272328

RE 0.257896

In addition, the model evaluator.py script was also capable to record the predicted

label and the actual development stage for each lot data directory during its execution.

Finally, it successfully generated a Comma-separated values (CSV) file containing the

comparative results for the statistical analysis and calculated the F1-scores reached

by the individual sub-models as well as the composite model on the test set.

The main drawbacks during the informatic prototyping, with respect to the data col-

lection phase, were related with timing and they were solved adding delays between



177

the actions triggered by the Raspberry Pi R© as well as to the operation of the pe-

ripheral devices. It is also important to mention that the Raspberry Pi R© froze or

even restarted on several occasions when it reached temperatures over 56◦C, mainly

due to the environmental conditions inside the greenhouse. As a result, its normal

behavior was altered and some data was lost or not transferred. Thus, it was some-

times necessary to go to the greenhouse and capture missing RGB images again or

extract missing multi-spectral images manually from the cameras’ internal storage.

For future work, it is recommended to use liquid cooling on the electrical cabinet

in order to mitigate unexpected behaviors. In addition, it is noteworthy that, for

managing the communication, it is advantageous not to use the name of the port to

which a peripheral device is connected but the device’s unique identifier. The reason

is that the same device can be assigned to a different port when the Raspberry Pi R©

overheats whereas its unique identifier is permanent.

On the other hand, some problems arose during the informatic prototyping regarding

the data processing phase. At the beginning, the proposed hyperparameters grid for

each sub-model was very wide, which resulted in more than 470 possible combinations

i.e. more than 470 estimators needed to be fitted for the generation of a single sub-

model. The solution was to reduce the grid’s size in order to include just the most

relevant values for the most significant hyperparameters. Therefore, the time and

spatial complexity were decreased in a satisfactory manner. Furthermore, it was

necessary to clear the Keras session after fitting each estimator to free up GPU-

memory, because the process for generating the sub-models was being unexpectedly

killed due to an Out-of-Memory (OOM) error. For future work, it is recommended

to allow the data collection phase to last longer considering that this implies creating

a larger dataset, which is always a desirable condition for DL models.
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10.4 Integration

For diagnosing the Coffee Leaf Rust development stage, it was necessary to collect

data from the scale coffee crop in the first instance and then, process it. In that sense,

the integration of the mechanical, electronic and part of the informatic prototyping

allowed to conclude the data collection phase with the construction of the cyber-

physical functional prototype, as seen in Figure 10.39. At the moment, it collects

data automatically at certain times during the day and transfers it to the ADC in

order to feed the crop data-set continuously. However, it works automatically to 90

% of its full capacity, considering that it is necessary to reconnect the Dynamixels

manually when they are blocked as well as restart the system when the Raspberry

Pi R© reaches very high temperatures and freezes.

Fig. 10.39.: Built cyber-physical prototype for data collection.

For its part, during the data collection period, three pH sensors had to be replaced

because the residual water in which they reside damaged the sensitive membrane of
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their internal electrode. Besides this, three LDRs and four moisture sensors had to

be replaced as well due to the difficult conditions the sensors were in. This could have

been partly caused due to the lack of proper insulation, which could have negatively

affected their internal circuits and sensitive surfaces.

Moreover, the height of the rotary arm’s support structure played an essential role

since it caused the elimination of one micro-switch per rotary platform (the furthest

from the “home” position). It was found that, using those micro-switches, the plants

would be too far from the lot’s center, causing the height of the rotary arm’s support

structure to be insufficient for capturing images of the entire lot with the multi-

spectral cameras. Thus, it was decided to bring the plants closer and not to use

the mentioned micro-switches. For future work, it is essential to first determine the

necessary height, from which the cameras can cover the entire lot, with the aim of

not having to affect the position of the plants. As a final point, when the electronic

components and the power sources are defined, it is recommended to obtain an elec-

trical cabinet of the right size and divide the power from the signals.

The next section concerns the data processing phase. The obtained results in terms

of relevant modifications, employed data for training and evaluating, comparative

table for the statistical analysis and performance reached by the diagnostic model are

exposed in it.

10.5 Results

On the one hand, it is essential to mention that, during the data collection phase, the

Biology team had to replace 12 coffee plants of the scale crop with external diseased

ones because the inoculation was having no effect after two months (all plants stayed

in de 0 development stage). Thus, for example, it was not possible to classify any lot

with the label 1 since only one of the new plants presented the Coffee Leaf Rust on
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that development stage. In addition, this justifies the dominant presence of lot data

directories inside the label 0 directory.

On the other hand, the train set used for fitting the sub-models was composed by 968

directories. In total, they contained 672 JSON files, 2,192 RGB files, 603 RGN files

and 641 RE files. Besides, the test set employed for the composite model evaluation

comprised 202 lot data directories. Finally, after evaluating the diagnosis of the

Coffee Leaf Rust development stage in the Colombian Caturra variety by means

of the created DL model, a comparative table, among with a performance table,

was successfully generated. The Appendix W shows the comparative table for the

statistical analysis whereas the Table 10.6 presents the definitive F1-score reached by

each sub-model and the composite model.

Table 10.6.: F1-score reached by the individual sub-models and the composite

model.

Model F1-score

JSON 0.569573

RGB 0.920034

RGN 0.945806

RE 0.944209

Composite 0.775278
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11. ANALYSIS OF RESULTS

This chapter presents the statistical analysis of the results regarding the performance

evaluation of the diagnostic model. It was carried out using the comparative table

generated by the model evaluator.py script and the software R 3.5.2. The purpose

of the analysis was to determine whether there was a significant difference in the

mean Coffee Leaf Rust development stage diagnosed with a visual inspection and by

means of the proposed technological integration. The outcome was relevant to get

the necessary statistical support for answering the research question.

The comparative table contained 202 observations with the corresponding diagnosed

development stage for both treatments. The Figure 11.1 shows the box-plot chart

describing the measurements. The x-axis contains the two treatments (“visual in-

spection” and “technological integration”) whereas the Coffee Leaf Rust development

stage is presented on the y-axis. The graphical similarity on the data distribution of

each treatment suggests a possible similarity on the means of the response variable.

For assessing this condition and making a decision with respect to the hypothesis, an

ANOVA was executed.
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Fig. 11.1.: Data distribution of the observations for both treatments.

The results of the ANOVA can be seen in Table 11.1. The obtained p-value for the

treatments factor was 0.231. This value is greater than the set significance (α = 0.1),

which means that there is not sufficient evidence for rejecting the null hypothesis.

Thus, it is concluded, with 90 % confidence, that there is no statistical significant

difference between the diagnosis of the Coffee Leaf Rust development stage made

through the visual inspection and by means of the technological integration. This

indicates that both methods are significantly similar for diagnosing the disease.

Table 11.1.: ANOVA table of the statistical analysis.

Df Sum Sq Mean Sq F value Pr(>F)

Treatments 1 2.7 2.696 1.437 0.231

Residuals 402 753.9 1.875

This study demonstrated the possibility of diagnosing the Coffee Leaf Rust develop-

ment stage in the Colombian Caturra variety, with significant performance, through

the integration of RS, WSN and DL. The analysis of results allowed to obtain sta-

tistical evidence for supporting the research hypothesis. In that sense, the outcome

suggests that a technological integration could contribute to the protection of the
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phytosanitary status of coffee crops since it showed potential to complement the tra-

ditional visual inspections towards the diagnosis of the most economically limiting

disease for the Colombian coffee production.
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12. CONCLUSIONS

This section analyses the fulfillment of the general and specific objectives of the re-

search project, explains its contribution and compares the research hypothesis with

the actual obtained results. The most relevant conclusions are presented below.

The integration of RS, WSN and DL within the framework of this study successfully

allowed to evaluate to what extent it is possible to diagnose the Coffee Leaf Rust

development stage in the Colombian Caturra variety. To this end, the most rele-

vant information obtained in ten interviews with coffee experts was consolidated, the

knowledge about the study context and the Coffee Leaf Rust was detailed and the

repercussions of the disease in the Colombian coffee growing industry was identified.

In addition, the theoretical and conceptual framework as well as the state of the art

were reviewed, creative design sessions were carried out for defining the most useful

technological integration of RS and WSN, and a functional prototype, that automati-

cally collects data in the field and transfers it to a remote server over the Internet, was

built. Besides, a diagnostic model using DL was implemented based on part of the

stored data and it successfully allowed to evaluate the Coffee Leaf Rust development

stage in unknown field data.

It should also be noted that the time constraints did not allow to create a simple

user interface for visualizing the results of the Coffee Leaf Rust development stage

diagnosis using the generated DL model. Moreover, this restriction explains why the

performance evaluation could not be made on a real coffee crop. Nevertheless, it was

possible to compare the results of the diagnostic model with those of a traditional

visual inspection using data from the same scale coffee crop. As a result, the model’s

performance, in terms of the calculated development stage of the disease, could be
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measured in a satisfactory manner.

The motivation of this research project was to contribute to the rural development

through technological innovation in order to strengthen the profitability of Colom-

bian coffee growers. Considering that the country has the potential, in terms of

environmental conditions and diverse ecosystems, to generate a giant portfolio of ex-

otic products that would be better valued in the specialty coffee market, this Master

thesis evaluated, with empirical evidence, a technological approach that pretends to

facilitate the diagnosis and mitigate the risks of one of the most economically limiting

diseases for coffee production. In that sense, the proposed technological integration

could positively impact the rural sector since those innovations promote investments

in infrastructure, which are crucial to empower the rural community and improve

their living standards and activities concerning progress, productivity and income

generation.

The obtained p-value in the analysis of results was 0.231, which helps to determine,

with 90 % confidence, that the visual inspection and the technological integration

did not present a statistically significant difference regarding their diagnosis of the

Coffee Leaf Rust development stage. Thus, it can be said that the assessment of the

disease leads to a similar outcome using any of both methods, which suggests that

the obtained results support the research hypothesis. Finally, it can be asserted that

through the integration of RS, WSN and DL, it is possible to diagnose the Coffee

Leaf Rust development stage in the Colombian Caturra variety with a F1-score of

0.775278. This value indicates that, on average, the diagnostic model is very good in

terms of the certainty and usefulness of its diagnosis.
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13. FUTURE WORK

During the physical integration process of the mechanical and electronic sub-systems,

as well as while testing the data collection routines, some aspects were noticed, which

could be considered for future work. For avoiding the blockage of the digital ser-

vos, a solid base could be built for fixing the rotary platform. Additionally, in order

to better distribute each electronic component and mitigate errors related to elec-

tromagnetic noise, it is necessary to use a larger cabinet in which even the power

supplies fit, separate control signals from power, add a line filter and incorporate an

Uninterruptible Power Supply (UPS) against blackouts. Besides, it is recommended

to wire all electronic components using shielded cables. A liquid cooling system for

the Raspberry Pi R© could be also considered to prevent it from freezing and blocking

its execution due to overheating. Furthermore, the use of individual field sensors per

plant may be more valuable, in terms of data, for the generation of a diagnostic model

that reaches a higher performance.

Regarding the data processing phase, a further extension of this research project could

include the implementation of a simple user interface for visualizing the diagnosis of

the Coffee Leaf Rust development stage through the generated DL model in order

to better illustrate the results to a coffee grower. In addition, the technological

integration could be scaled to a real context, taking into account the major challenges

that this adaptation implies, with the objective of increasing the validity of the study.

Finally, the reached F1-scores on the test set, which showed that the sub-models

based on images presented a higher performance than the JSON sub-model, suggest

to reconsider the composite model for future work and focus all efforts on improving

the collection and processing of just multi-spectral data.
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Cenicafé (Colombia)., no. 85, 1979.
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[34] J. Zuluaga, G. Valencia, and J. Gonzalez, “Contribución al estudio de la natu-
raleza de la resistencia del cafeto a ceratocystis fimbriata ell halst hunt,” Bib-
lioteca CENICAFE, 1971.

[35] A. Rena, M. Maestri, A. Rena, E. Malavolta, M. Rocha, and T. Yamada, “Fi-
siologia do cafeeiro,” Informe agropecuário, vol. 11, no. 126, 1986.

[36] A. Wang, B. Bertrand, and B. Rapidel, “El ojo de gallo del cafeto (mycena
citricolor) desaf́ıos de la caficultura en centroamérica,” IICA, San José (Costa
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procesamiento de imágenes para determinar la severidad de La Mancha
de Hierro, en hojas de café,” Cenicafé, vol. 54, no. 3, pp. 258–265,
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C MORPHOLOGICAL MATRIX



FUNCTION CARRIER 
Function PROPOSAL 1 PROPOSAL 2 PROPOSAL 3 PROPOSAL 4 
1. Group 
coffee plants 

“Almacigo” group 
 

 

Coffee group with diverse 
ages 
 

 

Coffee group in 
production stage 

 

Coffee plants between 
“almacigo” and production 
stage 

 
 

2. Store 
organic 
matter 

Plant pots 

 

Plant bags 
 

 
 

Crop beds 
 

 

Regular crop disposal 
 

 

3. Store 
fertilizer and 
fungicide 

Bottles 

 
 

Tanks 
 

 

Spray  

 

 

4. Transport 
H2O 

Pumping 
 

 

Gravity from tank 
 

 
 

Normal pressure from 
aqueduct system 

 

 

5. Transform 
electrical 
energy 

DC motor 

 

Stepper motor 

 

Servomotor 

 

 

6. Combine 
coffee plants 
with organic 
matter 

Regular crop 
 

 
 

Single plant care 
 

 

Raised garden beds 
 

 

 

204



7. Distribute 
fertilizer and 
fungicide 

Spray 
 

 

Pressurized knapsack 
 

 
 

  

8. Simulate 
rain with H2O 

Holes in tubes 
 

 
 

Sprinkler bottom-up 
 

 

Sprinkler top-down 
 

 

 

9. Divide 
coffee plants 
with organic 
matter 

Wood, class IV, penetration 
index = 9 
 

 

Acrylic 
 
 

 

Bricks and cement 
 

 
 

Plastic, polyethylene and 
polipropilene. 

 

10. Inoculate 
Coffee Leaf 
Rust 

In-vitro 
 

 
 

Natural (wind) 
 

 

Rub with Coffee Leaf Rust 
 

 
 

Brush 
 

 

11. Assemble 
inoculated 
and non-
inoculated 
coffee plants 

One single piece divided 
 
 

Independent lots 
 

Pairs of lots 
 
 

 

12. Incorpo-
rate fungicide 
and fertilizer 
with coffee 
plants 

Sprinkler 
 

 

Spray 
 

 

Pressurized knapsack 
 

 

Holes in tubes 
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13. Perceive 
wind velocity  

Ultrasonic wind sensor 
 

 

Dual wind sensor 

 

GPRS weather station 
 

 

 

14. Perceive 
volumetric 
flow rate 

Flow meter 
 

 

Pluviometer 
 

 

Electromagnetic flow 
meter 

 
 

 

15. Position 
multispectral 
camera 

Stepper motor 

 

Servomotor 

 

Manual 

 

 

16. Position 
RGB camera 

Movement by chains 
 
 

 
 

Curved rails 
 

 

Endless screw 

 

Small car positioning 
 

 
 

17. Isolate 
each lot of 
coffee plants 

Plastic curtains 
 

 

Fabric curtains 
 

 
 

Blinds 
 

 

 

18. Combine 
simulated 
rain with 
isolated lots 
of coffee 
plants 

Holes in tubes raised from the 
lots 

 

 
 

Sprinkler above the lots 
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19. Integrate 
expert info 
with isolated 
lots of coffee 
plants  

Remote monitoring 
 

 

Visual inspection 
 

 
 

  

20. Perceive 
pH in isolated 
lots of coffee 
plants 

Type drainage 
 

 
 

Type soil 
 

 
 

Type general 
 

 
 

 

21. Perceive 
lux in isolated 
lots of coffee 
plants  

Lux sensor 
 

 
 

Digital luminosity sensor 

 

LDR 
 

 

 

22. Perceive 
humidity in 
isolated lots 
of coffee 
plants  

Soil moisture capacitive 
sensor 

 
 

DHT-33 (x2) 
 
 

 

SHT-10 humidity sensor 
 

 
 

5TE / DHT-33 
 
 

 

23. Perceive 
temperature 
in isolated 
lots of coffee 
plants  

Type soil 
 

 

Thermometer 
 

 
 

DHT-33 (x2) 
 

 

5TE / DHT-33 
 

 

24. Perceive 
electrical 
conductivity 
in isolated 
lots of coffee 
plants 

Conductivity electrode 
 

 
 

5TE 
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25. Capture 
images from 
multispectral 
camera 

Single rail 
 

 
 

Rotary arm 
 

 

Manual 
 
 

 

 

26. Capture 
images from 
RGB camera 

Zig-zag rail 
 

 
 

Straight rail 
 

2-axis rail 
 

Elliptical rail 

 
27. Cluster 
sensors’ 
readings in a 
package 

One package for each lot 
 
 

 

One package for the entire 
crop with lot ID 
 

 
 
 

  

28. Store 
collected 
data locally 

USB 
 

 
 

Micro-SD 
 

 
 

  

29. Send data 
package to 
remote 
server 

WiFi 
 

 

XBee 

 

Bluetooth 
 

 

 

30. Pre-
process data 
package 

Missing values to zeros 
 
 

 
 
 

Normalization 
 
 

 

Remove records having 
missing values 
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31. Store pre-
processed 
data package 

Remote database 
 

 

Local database on the 
remote server 

 
 

  

32. Divide 
data into 
training, 
validation 
and test sets 

Random division 
 

 
 

Balance across classes + 
Shuffle 

  

33. Process 
training 
dataset 

Deep Neural Network 
 

 
 

Support Vector Machines 
 

 

Random forest 
 

 
 

Clustering 
 

 

34. Evaluate 
the candidate 
model with 
the validation 
dataset 

Hinge-loss 
 

 

Cross-entropy 
 

 
 

Mean-Squared-Error 
 
 
 

 

 

35. Visualize 
the results 
through a 
simple 
interface 
using some 
test data 

Develop a web interface 
 

 
 

Develop a software to 
automatically send e-mails 

 

 

Develop an app 
 

 

Use Thingworx PaaS 
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D ADVANTAGES, DISADVANTAGES AND

SOLUTIONS FOR BOTH CONCEPTS



  

Concepts 

Concept 1 Concept 2 

Advantages 

* Normal pressure from aqueducte system is easy to implement 
(4). 

* The water pressure can be adjusted (4). 

* Raised beds facilitate water drainage (6). * Raised beds do not deteriorate easily in time (6). 

* Raised beds isolate lot soil from the greenhouse's (6). * Raised beds isolate lot soil from the greenhouse's (6). 

* Rain simulation system is easy to implement (8). * Rain simulation system properly irrigates the plants (8). 

* Independent lots are simple to assemble (11). * Servomotors allow to control the position, velocity and acceleration 
in a precise manner (15). 

* Electromagnetic flow meter measurements are reliable (14). * Sprinklers above the lots guarantee proper irrigation of the plants 
(18). 

* Stepper motors have inherent ability to control position (15). * pH measurment through soil is optimal for crop conditions (20). 

* Holes in tubes raised fromt the lots are easy to implement and 
are a good approximation of the rainfall (18). 

* The 2-axis rail allows a precise positioning of the RGB camera (26). 

* pH measurment through drainage allows data acquisition 
automation (20). 

* If the Internet connection fails, some lot's data can however be 
persisted (27). 

* The 5TE sensor measures the soil's humidity, temperature and 
electrical conductivity directly (22, 23). 

* Pre-processing the data setting all mising values to zero is fast (30). 

* The rotary arm provides a consistent position of the 
multispectral camera over the lots (25). 

*  A local database on the remote server allows fast connections (31). 

* The eliptical rail is easy to construct (26). * Random data division is fast and easy to implement (32). 

* One data package for the entire crop with lot ID requires only 
one connection to the Internet (27). 

* The implementation of Support Vector Machines is simple and the 
diagnosis model's output can be satisfactory (33). 

* Pre-processing the data using normalization speeds up the 
creation of the model and reduce the biases due to high values 
(30). 

* The visualization of results using Thingworx is easy and can be 
implemented fast (35). 

* A remote database outside the remote server offers relevant 
support for data management (31). 

  

* Balancing across classes and shuffling reduce bias of the 
diagnosis model (32).  

  

* Using a Deep Neural Network add non-linearity to the 
generated diagnosis model (33). 

  

* A web interface is controllable, extensible and freely 
customizable (35). 

  

Disadvantages 

* The water pressure may not be enough (4). * Using a pumping device consumes more energy (4). 

* Raised beds must withstand the lot's weight (6). * Raised beds must withstand the lot's weight (6). 

* Rain simulation system may not produce a consistent rainfall 
(8). 

* Plastic raised beds are difficult to construct (9). 

* Wood can deteriorate in time (9). * One single piece divided does not fit through the greenhouse's door 
(11). 

* Holes in tubes raised from the lots might not be sufficient for 
proper irrigation of the plants (18). 

* Data acquisition using the pluviometer cannot be automated (14). 

* pH values obtained in the water might differ from the soil's 
(20). 

* Sprinklers above the lots can negatively affect multispectral captures 
(18). 

* The rotary arm might collide with the crop's structure (25). * pH measurment through soil doesn't allow data acquisition 
automation (20). 

* The eliptical rail might not allow a precise position for the RGB 
camera (26). 

* The DHT-33 sensor cannot be buried, therefore can't directly 
measure the soil's temperature and humidity (22, 23). 

* If the Internet connection fails, the whole data package cannot 
be persisted (27). 

* With the single rail, the multispectral camera's position over the lots 
may be altered (25). 

* Balancing across classes and shuffling can take significant 
processing time (32). 

* Sending one data package per lot requires multiple connections to 
the Internet (27) . 

* A Deep Neural Network is processing-intensive and has high 
technological requirements (33). 

* Converting all missing values to zero can negatively affect the 
distribution of the data (30). 

* Developing a web interface takes more time and needs more 
resources (35). 

* Random data division increases the bias of the diagnosis model, 
therefore negatively affects the predictions (32). 

  * Support Vector Machines present difficulties with multiclass 
classification (33). 

Solutions 

* The water pressure can be increased using a pumping device 
(4). 

* Use a transversal element to strengthen the raised bed's structure 
(6). 

* Use a transversal element to strengthen the raised bed's 
structure (6). 

* Use an additional sensor (e.g. ultrasonic sensor) to digitize 
pluviometer data (14). 

* Water repellent wood preservatives can be used (9). * Sprinklers above the lots can be displaced when capturing 
multispectral images (18). 

* Tube's height can be elevated (18). * Isolate the DHT-33 sensor in order to bury it in the soil (22, 23).  

* The rotary arm can be elevated (25). * Add mechanical stoppers at the capturing positions (25). 

* Make a protocol for reconnecting to the Internet in case of 
failures (27). 

* A Recurrent Neural Network can be used to predict the missing 
values and fill them in the data (30). 

* A web programming framework can speed ud the 
implementation of the web interface (35). 
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:3 HOJA 1 DE 1

A4

PESO: 

4.2.1.5

BASE 
CREMALLERAA A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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16

 

 11,25 

 4,75 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:3 HOJA 1 DE 1

A4

PESO: 

4.2.1.8

CREMALLERA
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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7 

 3 

 4
,7

5 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:10:1 HOJA 1 DE 1

A4

PESO: 

4.2.1.13

TOPE 
MICROSWITCHA A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 15  20 
 40 

 75 

Espesor = 4.75 mm

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

4.2.1.21

CASA CAMARA LADO 
DERECHO

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 105 

 35  60 

 30  15 

Espesor = 4.75 mm

Espesor = 4.75 mm

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

4.2.1.22

CASA CAMARA LADO 
IZQUIERDO

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 1
5 

Espesor = 4.75 mm

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

4.2.1.23

CASA CAMARA 
TECHOA A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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12

9

6

5

3

4

7
8

N.º PIEZA MATERIAL CANTIDAD
1 Soporte Motor DC Acrilico 1
2 Platina Doblada DC Aluminio 1
3 Piñon Cremallera Acrilico 1
4 Motor DC 1
5 Tornillo Allen M3 x 30 mm 2
6 Tuerca Hexagonal M3 2

7 Tornillo Allen M4 x 60mm 2

8 Tornillo Allen M4 x 30mm 2
9 Tuerca Hexagonal M4 4

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

4.2.1.25

MONTAJE MOTOR DC - 
EXPLOSIÓN

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 3,70 

 R
2,

75
 

 4,75 

Diametro Primitivo = 0.6"
Numero Dientes = 12

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:5:1 HOJA 1 DE 1

A4

PESO: 

4.2.1.25.3

PIÑON 
CREMALLERAA A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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Espesor = 4.75 mm

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:2:1 HOJA 1 DE 1

A4

PESO: 

4.2.1.26

PARED 1 CAMARA
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 45,90 

 28 

Espesor = 4.75 mm

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:2:1 HOJA 1 DE 1

A4

PESO: 

4.2.1.27

PARED 2 
CAMARA A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 7,86 

 7
,9

6 

ESPESOR CHAVETA: 8 m.m

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
ACERO A 36

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.1

TÍTULO: 

ESCALA:10:1 HOJA 1 DE 1

A4

CANTIDAD: 1

CHAVETA
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,70
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 8,00 

ENGRANAJE RECTO
MÓDULO: 2
NÚMERO DIENTES: 56
DIÁMETRO PRIMITIVO: 112 m.m
CHAVETA: SI (7,94 m.m X 3,97)
DIÁMETRO EJE: 25.4 m.m
ESPESOR ENGRANAJE: 8 m.m

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.2

TÍTULO:

ESCALA:1:2 HOJA 1 DE 1

A4
NYLON ALTA DENSIDAD

CANTIDAD: 1

ENGRANAJE EJE 
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VERIF.
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FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.3

TÍTULO:

ESCALA:1:2 HOJA 1 DE 1

A4

CANTIDAD: 1

EJE BRAZO
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ENGRANAJE RECTO
MÓDULO: 2
NÚMERO DE DIENTES: 14
DIÁMETRO PRIMITIVO: 28 m.m
CHAVETA: NO
DIÁMETRO EJE:  6 m.m
ESPESOR ENGRANAJE: 8 m.m
DIÁMETRO CUBO: 13 m.m
ESPESOR CUBO: 8 m.m
PRISIONERO PARA TORNILLO M3
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C C

D D

E E

F F

4
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1

1

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: NYLON 
ALTA DENSIDAD

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.5

TÍTULO:

ESCALA:2:1 HOJA 1 DE 1

A4

CANTIDAD: 1
ENGRANAJE POLOLU
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 10,00 

ENGRANAJE RECTO
MÓDULO: 2
NÚMERO DIENTES: 22
DIÁMETRO PRIMITIVO: 44 m.m
CHAEVTA: NO
DIÁMETRO EJE: 6.05 m.m
ESPESOR ENGRANAJE : 10 m.m
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F F
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: NYLON 
ALTA DENSIDAD

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.6

TÍTULO:

ESCALA:1:1 HOJA 1 DE 1

A4

CANTIDAD: 1

ENGRANAJE POTENCIOMETRO
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TODOS LOS AGUJEROS PASANTES Y
 CUALQUIER TIPO DE RADIO DE DOBLEZ PERO QUE 
GARANTIZE LA UBICACIÓN DE LOS ORIFICIOS EN CARAS PLANAS.
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VERIF.
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CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: HIERRO 
NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.9

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

CANTIDAD: 1

PLATINA DOBLADA
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FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
HIERRO NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 
CONTINUACIÓN 2.9

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 1

PLATINA DOBLADA

255
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
HIERRO NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.10.1

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 1

PLATINA SUPERIOR
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CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:
 HIERRO NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO:  2.10.2

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 1

PLATINA INTERMEDIA
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VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
HIERRO NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.10.3

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 4

PESTAÑAS INTERMEDIAS
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VERIF.
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FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:
 HIERRO NEGRO

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.10.4

TÍTULO:

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 1

PLATINA INFERIOR
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CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.12

TÍTULO:

ESCALA:1:20 HOJA 1 DE 1

A4

CANTIDAD: 1

PERFIL BRAZO
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FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:
 ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.13

TÍTULO:

ESCALA:1:1 HOJA 1 DE 1

A4

CANTIDAD: 1
SOPORTE GUÍA CÁMARA

262
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N.º DE 
ELEMENTO N.º DE PIEZA MATERIAL CANTIDAD

1
TUBO 

SOPORTE 
CÁMARA

ACERO 
1020 1

2 ARANDELA - 1

3
PLATINA 

SUPERIOR 
CÁMARA

ACERO 
1020 2

4
PLATINA 

DOBLADA 
CÁMARA

ACERO 
1020 1

5
PLATINA 
SOPORTE 
CARCASA 
CÁMARA

ACERO 
1020 4
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VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:
 ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.14

TÍTULO:

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD: 1

ENSAMBLE ESTRUCTURA CÁMARAS
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NOTA: AGUJEROS TOTALMENTE PASANTES
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:
 ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.14.3

TÍTULO:

ESCALA:1:2 HOJA 1 DE 1

A4

CANTIDAD: 2

PLATINA SUPERIOR CÁMARA

265



 9
0°

 

 29,50 

 0,5 
 130 

 90
° 

 90° 

 29,50 

 2
3 

 14,25 

 1
0,

48
 

 82 

 1
2 

 14,75 

 236,57 

 2
4,

00
  6

0 

 14,75 

 1
2 

 1
2  55  2

4,
00

 

 4
 X

 
4 

 2
7,

01
 

 4 X R3,74 

 31,00 

 23,52 

 51,00 

 3 
X 

8,8
0 

 3
0,

75
 

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.14.4

TÍTULO:

ESCALA:1:5 HOJA 1 DE 1

A4

CANTIDAD:1

PLATINA DOBLADA CÁMARA
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FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL: 
ACERO 1020

NO CAMBIE LA ESCALA REVISIÓN

N.º DE DIBUJO: 2.14.5

N.º DE DIBUJO

ESCALA:5:1 HOJA 1 DE 1

A4

CANTIDAD: 4

PLATINA SOPORTE CARCASA
 CÁMARA

267
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I ARM SUPPORT STRUCTURE
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

8.1

PLATINA SUPERIOR SOPORTE

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 2
71

0 

 2
21

0 

 72,20 

 2
36

0 

 4 x
33,40 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:20 HOJA 1 DE 1

A4

PESO: 

8.2

SOPORTE CENTRAL
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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12

N.º PIEZA MATERIAL CANTIDAD
1 Base Central Apoyo Acero 1020 1
2 Lateral Apoyo Acero 1020 4

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

PESO: 

8.3

APOYO SOPORTE CENTRAL

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 R36,10 

 4
67

,1
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

PESO: 

8.3.1

BASE CENTRAL 
APOYOA A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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00

 
 2
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 20 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

8.3.2

LATERAL APOYO
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 R38  102,13 

 8
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 14 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

PESO: 

7.1.13

BASE 1
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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 85 
 8

5 

PIEZA LONGITUD (mm)
Base 2 540
Base 3 1027
Base 4 165
Base 5 54

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:1 HOJA 1 DE 1

A4

PESO: 

7.1.14-17

BASES SISTEMA LLUVIA

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.

279



 2
00

 

 25 

 2 x 3,50 
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 12,50 
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5 

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:2 HOJA 1 DE 1

A4

PESO: 

7.1.18

PERFIL BASES
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.

280



 5
7,

50
 

 1
71

 

 137,50  250  137,50  250 

 3
17

 
 3

17
 

 1
71

 
 3

17
 

 3
17

 

 57,50 

 27 

 2
13

8,
06

 

 1282 

D
IB

UJ
.

VE
RI

F.

A
PR

O
B.

FA
BR

.

C
A

LID
.

SI
 N

O
 S

E 
IN

D
IC

A
 L

O
 C

O
N

TR
A

RI
O

:
LA

S 
C

O
TA

S 
SE

 E
XP

RE
SA

N
 E

N
 M

M
A

C
A

BA
D

O
 S

UP
ER

FI
C

IA
L:

TO
LE

RA
N

C
IA

S:
   

LIN
EA

L:
   

A
N

G
UL

A
R:

A
C

A
BA

D
O

:
RE

BA
RB

A
R 

Y 
RO

M
PE

R 
A

RI
ST

A
S 

V
IV

A
S

N
O

M
BR

E
FI

RM
A

FE
C

HA

M
A

TE
RI

A
L:

N
O

 C
A

M
BI

E 
LA

 E
SC

A
LA

RE
VI

SI
Ó

N

TÍT
UL

O
:

N
.º 

D
E 

D
IB

UJ
O

ES
C

A
LA

:1
:1

0
HO

JA
 1

 D
E 

1

A
3

PE
SO

: 

7.
1.

18
.1

UB
IC

A
C

IO
N

 
PE

RF
ILE

S
A

A

B
B

C
C

D
D

E
E

F
F

88

77

66

55

44

33

22

11

Pr
od

uc
to

 S
O

LI
D

W
O

RK
S 

Ed
uc

at
io

na
l. 

So
lo

 p
ar

a 
us

o 
en

 la
 e

ns
eñ

an
za

.

281



3

2

1

4

6

7

8

5

9

11
10

Lis
ta

 d
e 

M
at

er
ia

le
s p

ar
a 

el
 m

on
ta

je
 

pa
ra

 la
 sa

lid
a 

d
el

 a
gu

a 
en

 c
ad

a 
ca

m
a.

 
C

ua
tro

 (4
) e

n 
to

ta
l

N
.º

PI
EZ

A
M

A
TE

RI
A

L
C

A
N

TID
A

D
1

La
d

o 
1 

L 
C

am
as

M
ad

er
a 

In
m

un
iza

d
a

1

2
La

d
o 

2 
L 

C
am

as
M

ad
er

a 
In

m
un

iza
d

a
1

3
Ba

se
 L

 C
am

as
M

ad
er

a 
In

m
un

iza
d

a
5

4
M

an
gu

er
a 

N
eu

m
át

ic
a 

10
m

m
 x

 9
31

m
m

1

5
M

an
gu

er
a 

N
eu

m
át

ic
a 

10
m

m
 x

 7
82

m
m

2

6
M

an
gu

er
a 

N
eu

m
át

ic
a 

10
m

m
 x

 8
88

 m
m

1

7
M

an
gu

er
a 

N
eu

m
át

ic
a 

10
m

m
 x

 9
46

 m
m

1

8
M

an
gu

er
a 

N
eu

m
át

ic
a 

10
m

m
 x

 5
1m

m
1

9
To

rn
illo

 G
ol

oz
o 

1"
19

10
Ra

co
r e

n 
T 

10
 m

m
1

11
Ra

co
r C

od
o 

10
 m

m
2

D
IB

UJ
.

VE
RI

F.

A
PR

O
B.

FA
BR

.

C
A

LID
.

SI
 N

O
 S

E 
IN

D
IC

A
 L

O
 C

O
N

TR
A

RI
O

:
LA

S 
C

O
TA

S 
SE

 E
XP

RE
SA

N
 E

N
 M

M
A

C
A

BA
D

O
 S

UP
ER

FI
C

IA
L:

TO
LE

RA
N

C
IA

S:
   

LIN
EA

L:
   

A
N

G
UL

A
R:

A
C

A
BA

D
O

:
RE

BA
RB

A
R 

Y 
RO

M
PE

R 
A

RI
ST

A
S 

V
IV

A
S

N
O

M
BR

E
FI

RM
A

FE
C

HA

M
A

TE
RI

A
L:

N
O

 C
A

M
BI

E 
LA

 E
SC

A
LA

RE
VI

SI
Ó

N

TÍT
UL

O
:

N
.º 

D
E 

D
IB

UJ
O

ES
C

A
LA

:1
:2

0
HO

JA
 1

 D
E 

1

A
3

PE
SO

: 

7.
2

M
O

N
TA

JE
 D

IS
TR

IB
UC

IO
N

 A
G

UA
 

C
A

M
A

S
A

A

B
B

C
C

D
D

E
E

F
F

88

77

66

55

44

33

22

11

Pr
od

uc
to

 S
O

LI
D

W
O

RK
S 

Ed
uc

at
io

na
l. 

So
lo

 p
ar

a 
us

o 
en

 la
 e

ns
eñ

an
za

.

282



 2
0 

 25 

PIEZA LONGITUD (mm)
Lado 1 L Camas 1706
Lado 2 L Camas 931

DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:2:1 HOJA 1 DE 1

A4

PESO: 

7.2.1-2

L Camas
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.
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DIBUJ.

VERIF.

APROB.

FABR.

CALID.

SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:

ACABADO: REBARBAR Y 
ROMPER ARISTAS 
VIVAS

NOMBRE FIRMA FECHA

MATERIAL:

NO CAMBIE LA ESCALA REVISIÓN

TÍTULO:

N.º DE DIBUJO

ESCALA:1:5 HOJA 1 DE 1

A4

PESO: 

7.2.3

Bases L Camas
A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1

Producto SOLIDWORKS Educational. Solo para uso en la enseñanza.

284



285

K ARDUINO 1: LOT DATA COLLECTION
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L ARDUINO 2: GENERAL DATA

COLLECTION



288



289

M RASPBERRY PI R©



290



291
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DIAGNOSTIC MODEL GENERATION AND

PERFORMANCE EVALUATION
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S ARDUINO 2: GENERAL DATA

COLLECTION - FINAL VERSION
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V SUB-MODELS’ ARCHITECTURES
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JSON sub-model’s architecture

N Layer Output Shape # of Parameters

1. Input layer (None, 6) -

2. Fully Connected (None, 16) 112

3. Batch Normalization (None, 16) 64

4. Activation (None, 16) 0

5. Fully Connected (None, 64) 1088

6. Batch Normalization (None, 64) 256

7. Activation (None, 64) 0

8. Dropout (None, 64) 0

9. Fully Connected (None, 32) 2080

10. Batch Normalization (None, 32) 128

11. Activation (None, 32) 0

12. Dropout(Rate=rate/2) (None, 32) 0

13. Fully Connected (None, 4) 132

14. Activation (None, 4) 0
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RGB sub-model’s architecture

N Layer Output Shape # of Parameters

1. Input layer (None, 96, 128, 3) -

2. Convolutional2D(Kernel=(5, 5)) (None, 92, 124, 18) 1.368

3. Batch Normalization (None, 92, 124, 18) 72

4. Activation (None, 92, 124, 18) 0

5. Max Pooling(Pool=(2, 2)) (None, 46, 62, 18) 0

6. Convolutional2D(Kernel=(5, 5)) (None, 42, 58, 36) 16.236

7. Batch Normalization (None, 42, 58, 36) 144

8. Activation (None, 42, 58, 36) 0

9. Max Pooling(Pool=(2, 2)) (None, 21, 29, 36) 0

10. Convolutional2D(Kernel=(3, 3)) (None, 19, 27, 54) 17.550

11. Batch Normalization (None, 19, 27, 54) 216

12. Activation (None, 19, 27, 54) 0

13. Max Pooling(Pool=(2, 2)) (None, 9, 13, 54) 0

14. Dropout (None, 9, 13, 54) 0

15. Flatten (None, 6318) 0

16. Fully Connected (None, 512) 3’235.328

17. Batch Normalization (None, 512) 2048

18. Activation (None, 512) 0

19. Dropout (None, 512) 0

20. Fully Connected (None, 128) 65.664

21. Batch Normalization (None, 128) 512

22. Activation (None, 128) 0

23. Dropout(Rate=rate/2) (None, 128) 0

24. Fully Connected (None, 5) 645

25. Activation (None, 5) 0
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RGN and RE sub-models’ architectures

N Layers Output Shape # of Parameters

1. Input layer (None, 128, 96, 3) -

2. Convolutional2D(Kernel=(5, 5)) (None, 124, 92, 18) 1.368

3. Batch Normalization (None, 124, 92, 18) 72

4. Activation (None, 124, 92, 18) 0

5. Max Pooling(Pool=(2, 2)) (None, 62, 46, 18) 0

6. Convolutional2D(Kernel=(5, 5)) (None, 58, 42, 36) 16.236

7. Batch Normalization (None, 58, 42, 36) 144

8. Activation (None, 58, 42, 36) 0

9. Max Pooling(Pool=(2, 2)) (None, 29, 21, 36) 0

10. Convolutional2D(Kernel=(3, 3)) (None, 27, 19, 54) 17.550

11. Batch Normalization (None, 27, 19, 54) 216

12. Activation (None, 27, 19, 54) 0

13. Max Pooling(Pool=(2, 2)) (None, 13, 9, 54) 0

14. Dropout (None, 13, 9, 54) 0

15. Flatten (None, 6318) 0

16. Fully Connected (None, 512) 3’235.328

17. Batch Normalization (None, 512) 2048

18. Activation (None, 512) 0

19. Dropout (None, 512) 0

20. Fully Connected (None, 128) 65.664

21. Batch Normalization (None, 128) 512

22. Activation (None, 128) 0

23. Dropout(Rate=rate/2) (None, 128) 0

24. Fully Connected (None, 4) 516

25. Activation (None, 4) 0
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STATISTICAL ANALYSIS
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