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Abstract 

Plant phenotyping refers to monitoring traits (physical characteristics) of plants. Crop 

scientists/breeders, are interested to find relations between phenotypes and genotypes, which 

improves yields and ultimately may address issue of food insecurity. Manual measurement 

currently is the primary method for phenotyping. However, this method has several limitations, 

including intensive labor requirement and human errors in monitoring. Therefore, a field-based 

mobile platform for autonomous crop monitoring is considered a better option for crop monitoring. 

An intensive literature search was carried out to understand state of development around the 

globe for different field-based High-Throughput Phenotyping Platforms (HTPP). In this study, 

existing farm vehicles, such as a Swather and/or a Tractor, were used for carrying a mechanical 

boom that all of the measuring devices were attached to them. 

By selecting and adding other electrical equipment and devices to the existing HTPP, 

features of plots can be measured to provide necessary information to crop scientists. Targeted 

traits were selected as plant height, temperature, NDVI (Normalized Difference Vegetation Index), 

RGB (Red-Green-Blue)/multispectral images, and ambient temperature/humidity. 

User-friendly and automated software programs were developed for mapping breeding field, 

data acquisition, visualization, sorting, and post-processing. In this research MATLAB was used 

as the main programming language for developing software. Moreover, another programming 

language (CRBasic) was used for data acquisition program.  

To validate the effectiveness and reliability of the developed HTPP with new parts and 

programs, different types of nurseries like canola and wheat, with different numbers of plots were 

studied. In this way, a valuable phenotypic database was gathered for the crop scientists/breeders. 

For providing this database standards of the breeding business are followed. 

Several verification tests were applied to verify the efficiency and accuracy of developed HTPP. 

In this study, I contribute mainly in designing and installation of electrical architecture, 

development of user-friendly and modular software package, evaluating operation of both 

hardware and software parts, conducting several field tests, analyzing collected data/images and 

examining reliability and accuracy of developed HTPP.   
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CHAPTER 1- Introduction 

1.1. Motivation 

It has been predicted that humanity will need more demand for food and resources in the 

future. More than 820 million people in the world were suffering hunger in 2018, which is mostly 

rising in African sub regions, Latin America and Western Asia [1]. This situation can get worse in 

the coming years. It is clear that not only available resources should be managed for future but 

also the quality and quantity of food productions should be increased.  

Improving breeding techniques is the most important task to prepare enough food resources 

for next generation. Therefore, crop-breeding should be closely influenced by genetic analysis of 

plants. Thus, it must be an interaction between crop-breeders and experts who use phenotyping to 

monitor different features of plants. This way, breeders will be able to improve crop production 

industry and support more production [2–4]. Genotyping nowadays is fully implemented. However, 

phenotyping needs more improvements to provide sufficient information about plants. As an 

example, measuring characteristics of crops such as plant’s height, temperature, and vegetation 

indices are challenging and time consuming. To test different genotypes, breeders should grow 

crops in large scale fields, where collecting and analyzing of their phenotypic data without any 

damage to crops is labor-intensive.  

Engineers from different areas like mechanical engineering, electrical engineering, and 

computer scientists are trying to make progress and improvement in the phenotyping research. The 

major and important efforts that they can do is designing and developing HTP (High Throughput 

Phenotyping) system by using specific devices [5-6]. HTP platforms have advantages like 

increasing the accuracy and amount of data, decreasing data collection time and costs for 

phenotyping. Therefore, it can be said that by using proper HTP, useful and valuable information 

can be prepared for the breeders by further analyzing of collected data. In next sections, different 

concepts of this study will be discussed.  

1.2. Background 

Plant phenotyping platforms can be classified as:  

• Indoor vs. field-based platforms  
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• Stationary vs. Mobile platforms  

• Destructive vs. non-destructive platforms  

• Low-throughput vs. high-throughput platforms  

• Aerial vs. Ground-based platforms 

In this research project, data collections for actual fields with outdoor configurations was 

considered. As long as mobile platforms work faster than stationary ones and stationery platforms 

have fixed structure [7], preference is to use mobile platforms. Moreover, the plan was monitoring 

canopies during their different stages of growth without damaging them[8]. That’s why, non-

destructive platforms should be selected, too. By using high-throughput systems, many parameters 

and characteristics of plants can be measured and stored at the same time, which can prepare more 

valuable information for breeders [9]. For example canopy’s temperature can be compared with 

the ambient temperature and humidity by using two different sensors in the proposed platform. In 

addition, aerial platforms are not applicable for large-scale fields because of their batteries’ 

restrictions [5]. Also, they are not able to carry more sensors and instruments [10]. Because of all 

mentioned reasons, in this study, focus was on field-based, mobile, non-destructive, high-

throughput and ground based platforms. 

A developed HTPP (High-Throughput Phenotyping Platform) consists of different devices 

and programs. Most of existing platforms are designed and developed for specific type of plants 

[11-13]. A new HTPP was developed to be able to monitor different types of plants like canola, 

wheat or others (i.e. lentils). Furthermore, it is anticipated that the developed HTPP work semi-

autonomously for large-scale fields where data collection and labor force is unbearable. Existing 

farm vehicles, such as a Swather and a Tractor, were used for carrying a mechanical boom that all 

of the measuring devices were attached to it. Figure 1-1 shows the schematic view of fields and 

developed HTPP during the data collection. Each side of mechanical boom, which was attached 

to the farm vehicle has the same sensors. Therefore, proper amount of data could be collected 

during the data collection (by travelling through the paths). 

Several programs were developed for different phases such as data collection, visualization 

(post-processing) and sorting. The programs work autonomously, feasibly and reliably with an 

acceptable level of error. 
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Figure 1- 1: The schematic view of fields and phenotyping platform (HTPP) 

Further analyzes of collected data by breeders, provide valuable information to find 

correlation between genotypes and phenotypes, and increased the crops yields.  

1.3. Research objectives and scopes 

The aim of this research is to exploit the automation technologies to record different physical 

features of a plant. There are five sub objectives of this study as follows: 

a) How a field can be mapped?  

Each nursery has comprised from rows of plots and we should find their coordination to map 

them. But, we should find a procedure for this process when the number of plots are more, like 

3000.  

b) What kind of measurement system (hardware part) do we need for data collection?  

By identifying, the demands of an effective field-based plant phenotyping platform and adding 

electrical equipment and devices to the existing platform features of plots can be measured to 

prepare more information.  

c) Can we develop programs (software part) for data collection and post-processing?  

A user-friendly software should be developed for the different phases of this study, which are 

data/image acquisition, field mapping, data/image visualization, sorting and post processing.  

d) Are collected data and images reliable and valuable?  

By finding and using different verification strategies, we should verify the efficiency and 

accuracy of the developed plant phenotyping platform.  
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e) Can we study the growth of different types of nurseries? 

To validate the effectiveness of the developed HTPP with new parts and the software package, 

different types of nurseries like canola and wheat, with different genotypes and number of plots 

are going to be analyzed during the plant growth season. 

1.4. Methodology 

In this research, there were many steps for developing and testing the proposed field-based 

HTPP platform to study canola and wheat nurseries. To begin with, several meetings and field 

visits were done by farm technical experts, breeders from industrial partners, Cargill Canada and 

University of Saskatchewan’s plant science department, to define critical needs of breeders and 

their challenges in the area of plant phenotyping. Based on these issues and by considering the 

advantages and disadvantages of previous plant phenotyping platforms, new draft model of system 

was designed and developed. Set of new equipment, which are useful for our research area, was 

found and purchased from different companies. 

Two platforms were developed for monitoring canola (using in Cargill fields) and wheat 

(using U of S Kernen research farm). For data collection and analysis of the collected data and 

pictures, several software were developed in house. Developed field-based HTPP were used for 

several fields with different number of plots (medium, large and mega size fields) and gens in their 

different stages of growth in Saskatoon, Canada.  

Different sources of error were found, and they were eliminated during the data collections. 

New equipment was added to the HTP and related programs were improved, gradually. Further 

analysis of collected data prepared a valuable information about each gen in their different stages 

of growth, which is demand of breeders and agronomist.  

1.5. Different plant phenotyping systems (Literature review) 

In this section, existing literature on ground-based plant phenotyping platforms are discussed. 

Some reference publications are going to be introduced for better understanding of the plant 

phenotyping research and its importance.  

Different approaches of genotyping and plant phenotyping firstly have been discussed in 

[2][13][14]. In addition, the importance of plant phenotyping has been clarified. By using of plant 

phenotyping, breeders become able to improve agriculture industry and support future agricultural 

production.  
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In [15] the genetic basis of complex traits have been considered by relating it to plant 

phenotyping. Authors are focused on spectral reflectance of crops and Near-infrared spectroscopy 

on agricultural harvesters. It has been discussed that related sensors can be classified as active and 

passive. Passive sensor is almost influenced by the environment and it can measure wide spectral 

range with high spectral resolutions. However, active sensor is the one that is independent from 

environment conditions and it can measure few wavelengths. It was achieved that using active 

sensors is more proper for the area of plant phenotyping. Because the data collection can be done 

in every time of day.  

Phenoscope is a HTPP for indoor applications [13].This platform is equipped with a zenithal 

imaging system and makes watering automatically. As a result, the expansion rate and plant’s 

different stages during its growth can be analyzed by using captured images. Moreover, breeders 

can control different condition to recognize stronger genotype.  

In [16] two common and contemporary 2D laser scanners, which are low cost, are used to 

give 3D structure of plants for indoor setting. 2D laser scanners are attached to the dynamic system 

and by movement of this system a full 3D representation of each row of plants, which represents 

their structural details. 

In [17] an automated high throughput imagining system is developed for indoor setting at 

the University of Nebreka-Lincon. This system is able to demonstrate characteristic feature of 

plant such as growth, water use and leaf water content under two different water treatments. The 

platform has cameras that they can take RGB pictures and these pictures can be used for estimating 

projected plant area. In addition, hyperspectral pictures are used to extract plant’s leaf structure. 

Furthermore, information such as plant’s fresh weight, dry weight and leaf area can be extracted 

from the collected data. 

Phenocart is a platform that is developed and deployed in the elite wheat field [18]. It is a 

portable and hand-held phenotyping platform that has a GreenSeeker sensor, an infrared 

thermometer and a GPS receiver for measuring spectral reflectance (NDVI index), canopy’s 

temperature and geo-tagging collected data, respectively. Also, it is equipped with a webcam to 

take RGB image of the crops. The data collection is stored in a laptop and are extracted by 

LabView software.  
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An autonomous vehicle that equipped with cameras is proposed in [19] for weed detection. 

All of its four wheels are steered for the orientation and movement. The developed platform is 

equipped with a GPS receiver that has around 2 cm accuracy, and a gyroscope for measuring 

vehicle’s heading. The position and location of platform can be determined by use of utilized 

encoders, magnetometer, gyroscope and GPS receiver. The platform is controlled by computer 

through a wireless communication channel. 

The proposed HTPP in [20] is developed for the purpose of measuring spectral and geometric 

characteristics of canopy plants such as vegetation indices and canopy texture. This platform has 

a box that is equipped with a CCD (Charge-coupled Device) camera and a LED (Light-emitting 

Diode) panel that produces nine spectral wavelengths. To take a picture, the box should covers 

target plant. The purpose of using this box is eliminating sunlight and shutting out wind to have 

accurate images. By analyzing collected images via developed software, vegetation coverage and 

NDVI index can be extracted. 

A high-throughput plant phenotyping platform which is non-destructive is proposed in [21]. 

This platform is based on light curtain sensor and spectral reflectance sensor that are mounted on 

a Tractor. By using of this platform, biomass determination can be compared and combination 

impact of the calibration data sets can be measured. Moreover, repeatability of biomass 

determination can be determined.  

In [22] a new platform is proposed for measuring height, temperature and data fusion of 

plots. Crop’s physical features like their height and temperature are measured by using ultrasonic 

sensor and infrared thermometers. Information such as canopy growth, plant structure and the 

physiological status such as biomass, tissue chlorophyll content and water status or chlorophyll 

fluorescence can be drawn by using hyperspectral data that comes from the passive bidirectional 

reflectance sensor system. It was shown that analyzes of collected data from different phase of 

plant’s growth can improve yield models.  

Phenobot 1.0 is a ground based, auto steered and self-propelled field based high-throughput 

phenotyping platform that is developed in [9]. Phenobot 1.0 is designed for tall and densely planted 

crop species. The developed platform has RGB cameras that are positioned laterally and vertically. 

This structure of the cameras provides 3D feature of the plants to measure height and stem’s 
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diameter. As some plants are somehow tall, an extension rig was used for capturing the top section 

of the canopy. 

In [23] a field-based, high-throughput phenotyping platform has been developed that is able 

to measure temperature, height and greenness of plots. The process of measuring these features is 

achieved by use of two infrared thermometers, one ultrasonic sensor, one Crop Circle and one 

Green Seeker crop sensing system. The Greenseeker measures NDVI (Normalized Difference 

Vegetation Index) and Crop Circle calculates and records other vegetative indices. Another sensor 

that works independently in this platform is laser sensor that measures the height of the mechanical 

boom from ground. All sensor’s output data are geo-tagged by using of two RTK GPS receiver. It 

is notable that, in this paper it has been showed that the ambient light and temperature can have 

significant effect on the result’s accuracy. 

Another multi-sensor platform for high throughput plant phenotyping is proposed in [24]. 

The platform has 5 pieces as its hardware part: ultrasonic sensor for height measurement, thermal 

infrared radiometer for measuring temperature, NDVI sensor for measuring greenness index of the 

plant, portable spectrometer for extracting NDVI and red-edge NDVI spectral indices and RGB 

cameras. The NDVI sensors are passive-type sensor. That is why, these kind of sensors had both 

up-looking part and down-looking parts to evaluate respectively down-welling solar radiation and 

upwelling reflected solar radiation .There are two additional sensors for measuring temperature by 

solar radiation sensor and humidity of the environment by humidity sensor. There is a GPS device 

in this platform with pass-to-pass accuracy of 20 cm that is used for geo-referencing purposes.  

Recently, an affordable field-based-high-throughput plant phenotyping platform for 

monitoring Canola plants has been developed by our robotic group of Mechanical Engineering 

Department of the University of Saskatchewan (Figure 1-2) [8]. This platform has several sensors, 

which are ultrasonic sensor, LiDAR (Light Detection and Ranging), Inferred Thermometer and 

Crop Circle. They are used for measuring height (ultrasonic sensor and LiDAR) temperature and 

greenness of plants. In addition, this platform is equipped with RGB and multispectral cameras 

that can capture several images from each plot and by using the GPS, pictures and sensor’s output 

data are geo-tagged. Different programs are developed for different phases of research (mapping, 

data collection, monitoring collected data, data sorting). It is mentionable that none of the previous 

developed platforms that were reviewed here are not commercialized. 
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Figure 1- 2: A field-based-high-throughput plant phenotyping platform with foldable boom developed by U of S [25] 

Developed HTPP consists from hardware and software parts and its specifications can be 

listed as: 

 Using existence agricultural vehicles like Tractor and Swather for carrying developed 

mechanical boom and wired equipment. 

 Ability to utilize developed HTPP for phenotyping of different types of crops such as wheat, 

canola, etc. 

 Collecting canopy plant’s traits such as their height, temperature, vegetation index (NDVI) 

and high quality images, simultaneously. 

 Utilizing developed software package, which consist of several modules (mapping, 

data/image acquisition, visualization, and sorting) and is user-friendly. 

 Flexibility of hardware and software part for expansion (adding new devices or removing 

sensors). 

 Ability of system to compare crop’s temperature with the ambient temperature/humidity on 

each record.  

 Collecting and labeling data and images based on the GPS information and relating it to the 

plot level. 
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 Adjustability for the changing the spacing between the sensor sets  

 Reliability and high accuracy of geo-tagged and sorted data. 

 Performing data collection for different stages of growth without any damages or bad effects 

on the canopies. 

 Ability to adjust mechanical boom’s height to increase quality of data collection in different 

stages of growth. 

 Recording data from different parts of a plot (7-8 record for each plot). 

 Fast sampling rates for sensors (250 ms) and cameras (500 ms). 

 No delay between the devices and GPS string’s reading and saving actions. 

1.6. Outline of the Thesis 

This thesis has five chapters. Current chapter introduced the background, categories and 

overview of plant phenotyping platforms. This chapter also discussed motivations, objectives, 

methodology and a literature review. Chapter 2 covers hardware part of the developed HTPP. 

Different sensors and equipment parts are discussed in detail. Operation of these devices are also 

explained in detail. Finally, a hardware configuration of the developed HTPP is proposed.  Details 

of developed programs for different devices and phases of data collection and analysis are 

described in Chapter 3. Several programs for mapping, data acquisition, (RGB and multispectral) 

image acquisition, data visualization, sorting and post processing are discussed in detail. Chapter 

4 investigates experimental field tests that were performed during summer/spring 2018 and 2019. 

The performance and reliability of developed HTPP were discussed comprehensively. Finally, 

Chapter 5 brings the main contribution and concludes the thesis. Also, some suggestions for 

potential future works are made in this chapter.  
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CHAPTER 2- Infrastructure of the platform 

2.1. Introduction 

 As discussed in Chapter 1, plant phenotyping platform consists of different parts, such as 

sensors for measuring, collecting and storing physical or chemical features of plants, reliable and 

fix mechanical structure for carrying related devices, and programs for data collection and post-

processing. Also, it was mentioned that one of main objectives of this study is selecting and using 

proper devices. By using these apparatus, different physical and chemical characteristics of plots 

can be recorded. 

 In this chapter, the infrastructure part of developed HTPP is discussed. Different plant and 

environmental traits were chosen like plant’s height, temperature, ambient temperature and 

humidity, plant’s vegetation index (NDVI), RGB image and multispectral image of plant. It should 

be mentioned that features of different points in each plot, is recorded by the sensors of HTPP. 

Figure 2-1 illustrates a plot (green rectangular) and sensor’s records (red dots) that measured 

features of canopy in different locations. Therefore, as sensors and devices are measuring part of 

canopy, collected information is not in the plant level and is in the canopy level. At the end of this 

chapter, the proposed hardware of the developed system is listed. 

2.2. Canopy’s height measurement methods 

One of the essential characteristic of plant for phenotyping is height measurement. There are 

several methods to measure plant’s height. It is clear that most prevalent and common method is 

manual measurement.  

 

Figure 2- 1: The schematic of a plot (green rectangular) and sensor's measurements (red dots) 
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However, this method has disadvantages such as being uncertain, ineffective and 

unbearable, especially for large-scale fields. For example, measuring the height of crops in a field 

with 3000 plots during the summer’s hot weather is an issue.  

Different devices and sensors exist for measuring height of objects. Most common sensors 

are laser and ultrasonic sensors. A laser sensor emits a light from the light emitting element in the 

transmitter as a straight line and receives the reflected light with its light receiving element (Figure 

2-2). By analyzing the reflected signal, height of objects or distance between the tip of sensor and 

object can be calculated. Laser sensors are usually used for small objects and precise positions. On 

the other hand, FOV (Field of View) of these kinds of sensor is very low. Also, these types of 

sensors usually are not proper for the outdoor setups. Because they are extremely sensitive to the 

ambient light. 

 

Figure 2- 2: The schematic of laser sensor for distance measurement 
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An ultrasonic sensor is one of the most common sensors for measuring distance of the objects 

from sensor. This device uses sound waves for the operation. It dispatches sound waves at a 

specific frequency and listens for that sound wave to bounce back (Figure 2-3). It calculates 

distance between the sensor and object by using the elapsed time between sound waves’ generation 

and its bouncing back. These kinds of sensors have larger FOV in comparison with the laser 

sensors. Also, if they are not sensitive to the sunlight, they can be used in the outdoor 

configurations. It is mentionable that they have less accuracy and slow response speed in 

comparison to laser sensor. As can be seen in Table 2-1, both laser and ultrasonic sensors have 

pros and cons.  

In this study, FOV of sensor is an important issue. A larger FOV would allow to have reliable 

and good measurement for a large, uneven surface like crops. Also, as the platform was designing 

and developing for outdoor configurations, it shouldn’t be sensitive to the sunlight. Since, 

ultrasonic sensor’s signal is sound, dust and water do not much effect this sensor’s operation. 

Therefore, ultrasonic sensor was selected for the developed HTPP.  

 

Figure 2- 3: The schematic of ultrasonic sensor for distance measurement 
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Table 2- 1: Comparison between laser and ultrasonic sensors 

Criteria Laser Sensor Ultrasonic Sensor 

FOV Very low Large 

Signal Light Sound 

Accuracy High Low(for large amount of measurement) 

Response speed Fast Slow 

Dust/water Affected Unaffected 

Measuring range Small Large 

Sensitive to Sunlight Temperature variations, humidity and ultrasonic noise 

 

2.2.1. Height measurement method for 2018 data collections 

As discussed, ultrasonic sensor measures distance by sending an ultrasound wave and 

receiving the reflected wave. The traveling time prepares an information about distance between 

the sensor and object, as: 

𝑌𝑈𝑆 =
1

2
(𝑆 ∗ 𝑡𝑈𝑆) (2-1) 

where S is the traveling speed of sound (~343m/s in dry air 20o C), 𝑡𝑈𝑆 is traveling time and 

𝑦𝑈𝑆 is distance between the object and sensor. The output of sensor (𝑋𝑈𝑆) is a raw data (current) 

and relationship between the output of sensor and the distance of the object is linear. Therefore, 

an equation between the sensor’s output and the distance of objects can be modeled by linear 

regression as: 

𝑌𝑈𝑆 = (𝐴 ∗ 𝑋𝑈𝑆) + 𝐵  (2-2) 

Where 𝑋𝑈𝑆 is current, A and B are coefficients that they can be found by measuring at least 

three different distances and relating them to the corresponding values. Table 2-2 shows an 

example for calibration. From this table, calibration graph (Figure 2-4) and Eq. 2-3 can be extracted. 

𝑌𝑈𝑆 = (−8.18 ∗ 𝑋𝑈𝑆) + 187.33  (2-3) 
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Table 2- 2: Collected data for calibration of ultrasonic sensor for measuring distance 

 

 

 

 

 

Figure 2- 4: Ultrasonic sensor's calibration graph 

There is a fact that if the position of the sensor is fix on the structure, it can be calibrated in 

the way to measure the height of objects (Table 2-3). In other words, by subtracting the distance 

between the ground and the tip of the sensor from the distance between top of the crop or object 

and the tip of sensor, height value (h) can be measured. An equation can be extracted from Table 

2-3 as: 

ℎ = (8.18 ∗ 𝑋𝑈𝑆) − 40.33  (2-4) 

Table 2- 3: Collected data for calibration of ultrasonic sensor for measuring height 

 

 

 

R Current value (mA ) Distance between sensor and object (cm) 

1 4.90 147 

2 7.82 124 

3 8.58 117 

4 10.03 105 

R Current value (mA ) Height of object (cm) 

1 4.90 0 

2 7.82 23 

3 8.58 30 

4 10.03 42 
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Figure 2- 5: Honeywell ultrasonic sensor (model: 943-F4Y-2D-1D0-180E) and its wiring 

This approach is useable since the distance between the ground and the tip of the sensor is 

fixed. In this study, two model of ultrasonic sensor from different manufactures were selected. 

First, Honeywell ultrasonic distance sensor (943-F4Y-2D-1D0-180E) was selected for canopy’s 

height measurement. The full data sheet of this sensor with the process of analogue output 

adjustment provided in Appendix A [26]. Figure 2-5 illustrates Honeywell ultrasonic sensor and 

its wiring. Effectivity and reliability of this sensor’s performance was tested in the laboratory 

condition for many objects with different shapes and surfaces at the University of Saskatchewan 

[25]. 

Sick ultrasonic sensor (UM30-214113) is another sensor that was selected for the developed 

HTPP. Not only this sensor has its own display for showing distances (Figure 2-6), it has better 

performance in comparison with Honeywell sensor. The main advantage is that this sensor is faster. 

The full datasheet of this sensor can be found in Appendix A [27]. Table 2-4 compares two sensors. 

Ultrasonic frequency for this sensor is 200 kHz and its response time is 180 ms. Also the power 

supply for this sensor should be 9-30 DC volt. Therefore, this sensor can operate with one 12 DC 

volt battery. This sensor was tested in laboratory condition for different objects with different 

heights and surfaces and it has found that this sensor is operating reliably and effectively.  
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Figure 2- 6: Sick ultrasonic sensor (model: UM30-214113) and its wiring 

Figure 2-7 illustrates the schematic of mechanical structure with ultrasonic sensors. Each 

side of mechanical boom was equipped with two ultrasonic sensors that they can measure height 

of a plant in its different points, simultaneously. Figure 2-8 shows developed HTPP with 

mechanical boom for canola field and four ultrasonic sensors. It should be mentioned that because 

the output of each sensor is current, an equation like Eq. 2-2 should be used for each sensor’s 

output value to find the amount of height. This equation’s coefficients will change, if the height of 

mechanical changes. Therefore, the disadvantage of this approach for measuring height of 

canopies is that sensors should be calibrated each time by changing the height of boom, which is 

time consuming. 

Table 2- 4: Comparison between Honeywell and Sick ultrasonic sensor 

Technical Data Honeywell ultrasonic sensor Sick ultrasonic sensor 

Detection range 0.2 to 2 meter 0-5 meter 

Response time 250 ms 180 ms 

Carrier frequency 180 kHz 120kHz 

Reparability ±0.2% ±0.15% 

Temperature Range -15 to 70 ℃ -25 to 70 ℃ 

Supply voltage 15 to 30 DC volt 9 to 30 DC volt 

Analogue output 0 to 10 volt/4 to 20 mA 0 to 10 volt/4 to 20 mA 
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Figure 2- 7: The schematic of mechanical boom with four ultrasonic sensors (US) for 2018 data collections 

2.2.2. Height measurement method for 2019 data collections 

There is another approach for the height measurement of crops with ultrasonic sensors 

without any sensitivity to the variations of mechanical boom’s height. In this method, distance 

measurement is using instead of height measurement. By using, two sensors like Figure 2-9, 

distance value for each sensor should be measured. 𝑌𝑈𝑆1 is distance between the tip of the sensor 

and ground, and 𝑌𝑈𝑆2 is distance between the tip of the sensor and object. These values are 

measured by using Eq. 2-5 and 2-6. 

 

Figure 2- 8: Utilized ultrasonic sensors (US) on the developed HTPP for canola data collections during 2018 
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𝑌𝑈𝑆1 = (𝐴1 ∗ 𝑋𝑈𝑆1) + 𝐵1  (2-5) 

𝑌𝑈𝑆2 = (𝐴2 ∗ 𝑋𝑈𝑆2) + 𝐵2  (2-6) 

where 𝑋𝑈𝑆1  and 𝑋𝑈𝑆2  are current values (outputs of sensors), A1 , A2 , B1 and B2 are 

coefficients that they should be found by measuring the distance values of at least three different 

objects and relating them to the corresponding values like Table 2-2. The height of object (h) is 

measured by subtracting y2 from y1 as: 

ℎ = 𝑌𝑈𝑆1 − 𝑌𝑈𝑆2 = (𝐴1 ∗ 𝑋𝑈𝑆1) − (𝐴2 ∗ 𝑋𝑈𝑆2) + 𝐵1 − 𝐵2  (2-7) 

This approach was tested for both model of ultrasonic sensors and it worked properly. 

Therefore, by adding another ultrasonic sensor to the previous four sensors, and measuring 

distances, crop’s height can be measured without any sensitivity to the boom’s height. In other 

words, by changing the height of boom, height measurement can be performed properly. Figure 2-

10 shows the schematic of mechanical structure with five sensors for this approach. Ultrasonic 

sensors measure the height of canopy by using the following equations: 

ℎ1 = 𝑌𝑈𝑆5 − 𝑌𝑈𝑆1   (2-8) 

ℎ2 = 𝑌𝑈𝑆5 − 𝑌𝑈𝑆2   (2-9) 

ℎ3 = 𝑌𝑈𝑆5 − 𝑌𝑈𝑆3   (2-10) 

ℎ4 = 𝑌𝑈𝑆5 − 𝑌𝑈𝑆4   (2-11) 

 

Figure 2- 9: height measurement based on measuring distance (2019 season) 
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where 𝑌𝑈𝑆1, 𝑌𝑈𝑆2, 𝑌𝑈𝑆3 , 𝑌𝑈𝑆4 and 𝑌𝑈𝑆5 are distance measurements and ℎ1, ℎ2, ℎ3 and ℎ4are 

measured height values. Figure 2-11 shows the developed HTPP for wheat field with mechanical 

boom and five sensors. 

 

Figure 2- 10: The schematic of mechanical boom with five Ultrasonic Sensors (US) for 2019 data collections 

 

 

Figure 2- 11: Utilized ultrasonic sensors (US) on the developed HTPP for wheat data collections during 2019 
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2.3. Canopy’s temperature measurement methods 

Plant’s temperature is other important parameter in the area of agriculture and plant 

phenotyping. This trait can provide useful information like plant’s water content. By analyzing 

crop’s temperature during its growing season, information like the ability of vegetation to handle 

heat stress and its need for irrigation can be determined.  

Temperature measurement methods can be classified into two main methods as contact and 

non-contact techniques. In contact method, a temperature sensor should touch plant like Figure 2-

12. These kinds of sensors use a probe to display or record their measurements. Although these 

sensors are usually cheaper, they are not fast enough. Moreover, they should touch part of each 

plant, which can damage canopy gradually. Therefore, they cannot be proper temperature sensor 

for field-based mobile HTPPs. 

Non-contact method is another main technique for the temperature measurement. This method 

applies usually for hazardous areas, unreachable objects and dynamic setups. IRT (Infra-Red 

Thermometer) and TIC (Thermal Imaging Camera) are most common non-contact devices. TIC is 

a type of thermographic camera that can record thermal image of plants as shown in Figure 2-13. 

A thermal image prepares information about temperature of different points and operator should 

extract data from it as illustrated in Figure 2-14. It is mentionable that for the autonomous image 

acquisition of thermal camera, specific program should be developed.  

 

Figure 2- 12: The schematic of contact temperature measurement sensor 
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IRTs work properly and easily in the outdoor configurations and they are cheaper, more 

lightweight and reliable. Therefore, in this study for measuring temperature of plants, IRT was 

selected as the temperature sensor. They can measure and record wheat, canola or other kinds of 

crops’ temperature by using infrared signals (Figure 2-15).  

 

Figure 2- 13: A portable thermal camera for taking thermal images from plants 

 
 

Figure 2- 14: A sample thermal image from a plant and different random point's temperature 
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2.3.1. Plant’s temperature measurement system used  

As discussed IRT sensor can measure temperature of plants without damaging them in the 

outdoor applications. This sensor does not need any field calibration before start of data collections. 

The manufacture usually prepares a product-specific parameter calibration for calculating the 

temperature. 

It is considerable fact that in this approach, the temperature of the plants should be measured 

efficiently. For example, plant’s surface temperature should be recorded without any 

environmental effect like ambient or soil temperature. Therefore, choosing a sensor with a 

narrower FOV is one of the solutions for this case. For this study, Apogee (SI-131) IRT is selected 

as a sensor for temperature measurement (Figure 2-16). This sensor is not sensitive to water vapor 

and carbon dioxide (CO2). Moreover, this sensor has a proper FOV, which is 14o half angle (Figure 

2-15), and provides 20µv per each degree centigrade. The datasheet of this sensor can be found in 

Appendix A [28]. 

 

Figure 2- 15: The schematic of non-contact IRT sensor for temperature measurement 
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Figure 2- 16: Apogee IRT sensor (model: SI-131)  

An internal circuit in this sensor works as thermistor for measuring temperature as Figure 2-

17. An excitation voltage inputs across thermistor. This excitation voltage should be selected in 

the range to minimize current drain and self-heating. Therefore, 2.5 DC volt is suggested as 

excitation voltage. Resistance of the thermistor changes with temperature. This resistance value of 

thermistor is measured through half-bridge measurement as:   

𝑅𝑇 = 24900(
𝑉𝐸𝑋

𝑉𝑂𝑈𝑇
− 1)  (2-12) 

Where 𝑉𝐸𝑋  is excitation voltage, 𝑉𝑂𝑈𝑇 is output voltage and the resistance of the bridge 

resistor is 24900 Ω. Temperature should be calculated by using the Steinhart-Hart equation as: 

𝑇𝑘 =
1

𝐴+𝐵𝑙𝑛(𝑅𝑇)+𝐶(𝑙𝑛(𝑅𝑇))3   (2-13) 

Where Steinhart-Hart coefficients are A=1.129241×10-3, B=2.341077×10-4 and 

C=8.775468×10-8. The temperature is measured in Kelvin. To convert it to Celsius following 

equation should be used. 

𝑇𝑐 = 𝑇𝑘 − 273.15  (2-14) 

Target temperature can be measured from Stefan-Boltzmann law as: 

𝑇𝑇
4 − 𝑇𝐷

4 = 𝑚. 𝑆𝐷 + 𝑏 (2-15) 
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Figure 2- 17: Internal circuit diagram of IRT 

Where 𝑇𝑇 is target temperature in Kelvin, 𝑆𝐷 is millivolt signal of the detector and 𝑇𝐷 is 

detector temperature in Kelvin. For this equation 𝑚 is slop and 𝑏 is intercept and they can be 

calculated from following equations: 

𝑚 = 𝐶2. 𝑇𝐷
2+𝐶1. 𝑇𝐷+ 𝐶0.  (2-16) 

𝑏 = 𝐶2. 𝑇𝐷
2+𝐶1. 𝑇𝐷+ 𝐶0.  (2-17) 

Where 𝐶0, 𝐶1 and 𝐶2 are the custom calibration coefficients that are different for each model 

of  IRTs. By using Eq. 2-14 and 2-15, target temperature can be found in degree centigrade as:  

𝑇𝑇 = (𝑇𝐷
4 + 𝑚. 𝑆𝐷 + 𝑏)

1
4 − 273.15 (2-18) 

Therefore, by using Eq. 2-16 to 2-18 the temperature of plants are measured. Utilized IRT 

sensor has tested in several ways in the laboratory conditions at University of Saskatchewan and 

it worked reliably accurate.  

After verifying operation of IRT sensors, the mechanical boom was equipped with them. 

Figure 2-18 illustrates the schematic of mechanical boom with sensors. Each side of the 

mechanical boom has one IRT sensor to measure the temperature of a canopy in its different points, 

simultaneously. Figure 2-19 shows developed HTPP with mechanical boom for canola field and 

two IRT sensors. As it can be seen, these sensors are attached to the mechanical boom with 

adjustable-angle brackets.  
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Figure 2- 18: The schematic of mechanical boom with two Inferred Thermometer sensors (IRT) for 2018-2019 data 

collections 

 

Figure 2- 19: Utilized Inferred Thermometer sensors (IRT) on the developed HTPP for canola data collections 

during 2018-2019 

2.4. Ambient temperature and humidity measurements 

As discussed in the previous section, the temperature of a plant is an important feature and 

represents parameters like water status and usage of a plant. However, this character can be 

affected by the weather condition. Therefore, it is better to have information about ambient 

temperature. Analyzing the temperature of plants with different genotypes and considering 
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ambient temperature and humidity in these analyses, provides valuable information for crop 

scientists, including breeders. 

2.4.1. The ambient and humidity measurement methods used  

Different types of sensors exist for measuring and/or calculating temperature and humidity. 

The HMP60, which is manufactured by Visala, is a probe to measure temperature in the range of 

-40° to +60°C, and relative humidity (RH) for the range of 0 to 100% RH. This sensor is cost 

effective, suitable for long-term, unattended monitoring, and is compatible with our Data Logger 

(will be discussed in section 2.8). Figure 2-20 illustrates this probe and 6 plate solar radiation 

shield for it and its wiring. The datasheet of this sensor can be found in Appendix A [29]. Supply 

voltage range for this sensor is between 5 to 28 volt DC. Therefore, it can operate with 12 DC volt. 

This sensor measures the relative humidity using Eq. 2-19. 

𝑅𝐻 =
𝑒

𝑒𝑠
× 100 (2-19) 

Where 𝑒 is the vapor pressure in kPa, which is an absolute amount of water vapor in the air 

and is related to the dew point temperature. Also, 𝑒𝑠 is the saturation vapor pressure in kPa, which 

is the maximum value of water vapor that air can hold at a given air temperature.  

This sensor has an accuracy of (±0.6°C) and was tested in the laboratory condition. Figure 

2-21 shows the schematic of this mechanical structure and HTPP’s weather station. Figure 2-22 

shows developed HTPP for wheat field and ambient temperature/humidity sensor. As it can be 

seen, the sensor was attached to the platform with its shield.  

 

Wire 

Color 
Wire Function 

Black Temperature signal 

White Relative humidity signal 

Blue Power ground and signal reference 

Brown Power (12V) 

Clear EMF Shield 
 

Figure 2- 20: Temperature and relative humidity probe with 6 plate solar radiation shield and its wire function 
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Figure 2- 21: The schematic of mechanical boom with an ambient temperature/humidity sensor for 2018-2019 data 

collections 

 

Figure 2- 22: Utilized ambient temperature/humidity sensor on the developed HTPP for wheat data collections 

during 2018-2019 

2.5. The NDVI measurement methods 

The NDVI (Normalized Difference Vegetation Index) is another crucial feature of the plants 

which provides useful information for breeders. Different objects absorb and reflect different 

levels of solar radiation in the various spectral regions. By, uttering spectral signals on an object 

and analyzing the reflected signal, reflectance data can be obtained. The NDVI is a ratio derived 

from the reflectance data and is an indicator that quantifies live green vegetation status. In other 
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words, this indicator demonstrates green vegetation index of an area. NDVI management has 

several advantages like providing accurate growth trending, frost damage detection, biomass 

production, canopy coverage and density detection. 

NDVI can be ranged from -1 to +1. For this range, if NDVI value is close to -1, it means 

there is no green vegetation in the observed area. On the other hand, if NDVI value is close to +1, 

highly likely dense green leaves exist on the area. NDVI values can be calculated from the 

following equation. 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 (2-20) 

Where Red and NIR (Near Infrared) are two basic spectral reflectance information of red 

and near-infrared wavelengths, respectively.  

Moreover, NDVI ratio can be ranged from 0 to +1. By selecting this range, computational 

savings of 15-30% are possible that is significant for processing of vast amounts of data [30]. 

Therefore, in this study we are interested in calculating NDVI in the range of 0 to +1. For this 

range, NDVI index can be calculated from following equation: 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 (2-21) 

This Equation measures percentage of NIR radiance in relation to the combined radiance in 

both RED and NIR bands. Eq. 2-22 shows the linear relationship between Eq. 2-20 and 2-21, and 

Figure 2-23 graphically shows this relationship [30]. 

𝑁𝐼𝑅

𝑁𝐼𝑅 + 𝑅𝑒𝑑
=

1

2
(

𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
+ 1) (2-22) 

Several sensors exist for measuring NDVI index of crops. These measurement devices are 

categorized into two: active and passive. Passive sensors are sensitive to ambient light conditions. 

However, active devices are not limited by environmental conditions. Therefore, in this study, we 

focused on active sensors for measuring NDVI value for our outdoor settings. 
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Figure 2- 23: Linear relationship between the NDVI equations (-1 to 1 and 0 to 1 ranges) 

2.5.1. The NDVI measurement method used 

The active crop canopy sensor, Holland Scientific Crop Circle ACS-430 was selected to 

measure NDVI values of studied crops in this study. This sensor is lightweight and useable in the 

outdoor configurations. It needs 12 DC volt as power supply. The datasheet of Holland Scientific 

Crop Circle ACS-430 can be found in Appendix A [31]. This device measures ten samples per 

second in the auto-record mode. Figure 2-24 illustrates this sensor from different views and its 

wiring. This sensor provides NDVI value and delivers essential reflectance data from a plant. 

Moreover, it is applicable to use in the outdoor settings regardless of the time of the day due to its 

spectacular light source technology. 

This sensor uses three optical measurement bands (670nm, 730nm and 780 nm). Three-

channel silicon photodiode array with a spectral range of 320 nm to 1100 nm are used in this sensor 

to measure reflected signals (Figure 2-24). The spectral reflectance bands are scaled as percentages 

and will not vary with sensor’s height above a target. The output of this sensor is digital signal. 

Therefore, it does not need any calibration. After testing and verifying the performance of this 

sensor for different objects in the laboratory conditions, it was installed on the mechanical boom 

for field test. 
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Figure 2- 24: Utilized Crop Circle sensor (a) and its wirings (b) 

 

Figure 2- 25: Utilized multispectral camera  

Multispectral imaging is the technique of acquiring a 2D image. A multispectral image is 

the one that captures image data within specific wavelength ranges across the electromagnetic 

spectrum and every pixel in the image contains a continuous spectrum. Usually multispectral 

imaging measures light in 3 to 15 spectral bands. 

A multispectral image is one that captures projection data within specific wavelength ranges. 

By separating these wavelengths data and doing image processing and analysis valuable 
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information can be extracted about the vegetation index of crops. The msCAM CMV4000 is a 

spectral device that was used in this study as multispectral camera to provide multispectral image 

for finding NDVI information (Figure 2-25). This camera connects through USB 3.0, a male to 

Micro B male cable to the computer. This device detects natural radiation that is reflecting by the 

crops.  

This multispectral camera measures light in 4 bands as 580, 660, 735 and 820 nm (Figure 2-

26) and uses a MFA, (Multispectral Filter Array) that incorporates proprietary pixelated band pass 

filters. The MFA works by breaking down the image (.PNG) into smaller parts. By using image-

processing techniques and applying Eq.2-20 or 21 to the broken images, NDVI information can 

be extracted (more details will be discussed in the next chapter). The main advantage of using 

multispectral camera is giving detailed information and finding NDVI values for specific part of 

plants. For example, user can select area that has dense green leaves and eliminates soil parts to 

have more useful information. 

 

Figure 2- 26: An example of multispectral image with four bands as 1) 580, 2) 660, 3) 735, and 4) 820 nm 
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As discussed, during the development of the field-based HTPP, two model sensors were used 

to obtain NDVI index of crops– Crop Circle sensor, and multispectral camera. Table 2-5 compares 

both devices’ frequencies and projected areas. The projected area of devices vary by increasing or 

decreasing the height of mechanical boom and can be found from Eq. 2-23,as can be seen in Figure 

2-27. In this equation, h is the distance between sensor and the plant, and 𝛽 is an angular FOV of 

devices, which is different for each sensor. 

𝑇ℎ𝑒 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 = 2. 𝑑. tan(
𝛽

2
) (2-23) 

 

Figure 2- 27: Calculating projected area of multispectral camera and crop circle sensor 

Table 2- 5: Comparison of Crop Circle and multispectral camera specifications 

Sensors 

The projected area (in) 
Frequency 

(Hz) 
Sensor to canopy range   

10 (in) 

Sensor to canopy range   

72 (in) 

Crop Circle ACS-

430 
5.359   2.4557 38.58  7.68 1 - 20 

msCAM CMV4000 

multispectral camera 
10.67  8 76.8  57.6 1 - 100 
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Figure 2-28 shows the schematic of mechanical boom and utilized Crop Circle and 

multispectral sensors, and Figure 2-29 illustrates the developed HTPP for canola field and NDVI 

measuring devices. 

 

Figure 2- 28: The schematic of mechanical boom with two multispectral cameras and two Crop Circle sensors for 

2018-2019 data collections 

 

 

Figure 2- 29: Utilized devices on the developed HTPP for canola data collections to measure NDVI value of crops 

during 2018-2019 
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2.6. RGB Image acquisition system 

Suggested devices and sensors for developed HTPP calculate features of plants. At the same 

time, an RGB (Red-Green-Blue) image form crops is an informative source of information for 

breeders. For example, they can monitor crops to find possible effects of disease or they can check 

collected NDVI values with captured RGB images. In addition, other valuable information can be 

extracted from clear and high quality RGB images in the post-processing stage, such as height of 

crops or their biomass [3, 4].  

Several cameras exists that they are able to take high quality RGB images. Since, the quality 

of images can be affected by the vibration of mechanical boom, proper camera should be selected. 

After having search over existing cameras a DSLR (Digital Single –Lense Reflex) camera and two 

model of webcams were selected for RGB image acquisition system of our HTPP. Figure 2-30 

illustrates these cameras.  

 

Figure 2- 30: Selected cameras a) Logitech C920, b) Logitech BRIO, and c) Canon 70D 

 

Figure 2- 31: The setup for testing camera's operation 
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A good camera is the one that has a fast response time to capture and geo-tag images without 

any delay. After testing selected cameras, it was found that DSLR camera takes images and tag 

them with delay. Moreover, this camera needs external power supply for long duration data 

collection. Therefore, we focused on using of webcams.  

By testing selected webcams in the laboratory condition, it was found that they are proper 

and fast enough to take and save images. In addition, they can communicate and be controlled with 

image acquisition toolbox of our software (MATLAB). To evaluate operation, first a test 

configuration was set up for webcams, as can be seen in Figure 2-31. Webcams were faced a screen 

that were showing the exact time, and webcams were taking images continuously for a long 

duration of time. Each taken image was tagged with time information. Therefore, by comparing 

time information that was in the picture and tag, it was found that selected webcams are proper 

and fast enough. 

Further, webcams were tested to take images in the outdoor configuration. Images were 

captured by both model of webcams from objects with different environmental conditions like 

sunny and cloudy weather. Figure 2-32 shows a sample result. By comparing taken images, it was 

found that Logitech BRIO webcam takes image with better quality. Also, this 4k webcam can 

eliminate sunlight reflections. 

 

Figure 2- 32: Test images captured by two webcams a) Logitech C920 and b) Logitech BRIO 
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An image histogram is a graph that represents the tonal distribution in a digital image. The 

horizontal and vertical axis of this graph are the tonal variations and the number of pixels in a 

particular tone, respectively. Figure 2-33 shows two histograms for the captured images with 

Logitech BRIO and C920 webcams. The imhist command of MATLAB, which gives histogram 

of image data, is used to extract these diagrams. It is clear from these histograms that for an image 

that was taken by Logitech BRIO webcam, the majority of pixels for all three red, green and blue 

channels are around 150. In addition, it has more uniform histogram in comparison with C920 

webcam. It is mentionable that as long as all three channels of an image have uniform diagrams, 

image segmentation to extract meaningful information can be applied for further analysis[34].  

Therefore, Logitech BRIO was selected as a proper camera for our field-based HTPP to take 

high resolution RGB images. An automated image acquisition program was developed to take 

control of the camera’s shutter, which will be discussed in next chapter. By running this program 

in the control laptop and using GPS string, high quality geo-tagged images can be captured and 

saved. Logitech BRIO webcams were attached close to the multispectral cameras (Figure 2-28). 

Figure 2-34 illustrates the developed ground-based HTPP with the utilized webcams. 

 

Figure 2- 33: Image histogram for the captured images by Logitech a) C920 and b) BRIO ) 
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Figure 2- 34: Utilized cameras on the developed HTPP for the wheat data collections to take RGB images from 

crops during 2018-2019 

2.7. GPS setup used 

The GPS (Global Positioning System) is the most common navigation system. GPS provides 

location information anywhere in the Earth, 24 hours a day and in all weather conditions. Every 

point on the Earth can be addressed by its longitude and latitude values. There are two main 

methods for increasing accuracy of GPS system; RTK (Real-Time Kinematic) and RTX (Real-

Time Extended). In the RTK technique the accuracy of GPS signals are increased by using a fixed 

base stations, like towers. These stations send out corrections to dynamic receivers. Therefore, by 

utilizing these corrections, the GPS system provides longitude and latitude values with 1-2 cm 

accuracy [35]. RTX is another lower cost GPS system that works without any need to a fixed base 

station and utilizes more than one satellite for data correction. It should be mentioned that RTX 

based GPS systems need long initialization time to connect the satellites to correct the precision 

of longitude and latitude values [36].  
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Figure 2- 35: Existed GPS receiver on the developed HTPP for a) wheat and b) canola data collections during 

2018- 2019 

There is a published work, which tested RTX and RTK GNSS (Global Navigation Satelite 

System) based on the autonomous agricultural vehicles under field conditions, and showed 

accuracy to be about 1.43 cm for GPS-RTK and 2.55 for GPS-RTX systems [37]. Both RTK and 

RTX GPS systems provide repeatable and reliable geospatial information by use of cell towers 

and satellites, respectively. Nowadays, farm vehicles like Tractors and Swathers are equipped with 

GPS systems for precision seeding, auto steering, and harvesting. In this study, as can be seen in 

Figure 2-35 a Swather and a Tractor which were equipped with RTK and RTX systems, 

respectively, are used as agricultural platform to carry sensors and devices. 

By using GPS system, collected data and images can be geo-tagged to the plot level, which 

will be discussed in the next chapter. Therefore, GPS receiver’s output should be connected to the 

Data Logger and laptop over a RS232 connector. This output can be showed as a NMEA (National 

Marine Electronics Association) RMC (Recommended Minimum Sentence C) data string like [38]:  

$GPRMC,1,A,5211.13575747,N,10631.01441032,W,1.5,90.2,020818,15.2,E*61.  

A standard RMC string is like [d0 ,d1 ,d2 ,d3 ,d4 ,d5 , d6 ,d7 ,d8 ,d9 ,d10 ,d11 ,d12]. This string can be 

broken down into separate parts, which are: 
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d0 : $GPRMC 

d1 : UTC (Coordinated Universal Time) of position (hour, min, sec) 

d2 : The status of GPS (A=active or V=void) 

d3 and d4 : Latitude information 

d5  and  d6 : Longitude information 

d7 : Speed over the ground in knots 

d8 : Track angle in degrees 

d9 : Date 

d10 : Magnetic variation in degrees 

d11  and  d12 : Checksum data. 

To reduce the total cost of platform, just one GPS receiver was used for geotagging collected 

data and images. For geo-referencing and finding correlation of each device to the GPS receiver’s 

location, distances and angles between them should be considered. Figure 2-36 illustrates a 

schematic from the top view of our platform and its devices. Latitude and longitude of a point (e.g. 

P2) can be related to another point (e.g. P1) on the Earth surface using the following relations [25]: 

𝑙𝑎𝑡2 = 𝑠𝑖𝑛−1[𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠(𝑙𝑎𝑡1) 𝑠𝑖𝑛(𝛿) + 𝑠𝑖𝑛(𝑙𝑎𝑡1) 𝑐𝑜𝑠(𝛿)] (2-24) 

𝑙𝑜𝑛2 = 𝑙𝑜𝑛1 + 𝑡𝑎𝑛−1(
𝑐𝑜𝑠(𝑙𝑎𝑡1) 𝑠𝑖𝑛(𝜃) 𝑠𝑖𝑛(𝛿)

𝑐𝑜𝑠(𝛿)−𝑠𝑖𝑛(𝑙𝑎𝑡1) 𝑠𝑖𝑛(𝑙𝑎𝑡2)
)  (2-25) 

𝛿 =
𝑑

𝑅
 (2-26) 

The lat1 is latitude at P1, lon1 is longitude at P1, lat2 is latitude at P2, lon2 is longitude at P2, 𝜃 

is vehicle’s heading angle with respect to the Earth magnetic north pole, d is distance between P1 

and P2 and R is the Earth’s radius in meter (assuming earth is a complete sphere). This approach 

(using of Eq.2-24 to 26) gives exact locations of each sensor, which is then used to load 

data/images into the visualization module. 
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Figure 2- 36: Top view of the platform, which shows GPS antenna and sensors’ location 

2.8. Data storage system 

Measured data and captured images should be saved into the storage system reliably and fast. 

Two data storage parts were dedicated for our HTPP, as Data Logger and laptop. 

All recorded data and GPS string are saved into a Data Logger. Therefore, an ideal Data 

Logger should be selected for the HTPP. It should have enough channels to communicate with 

devices and enough memory to store their data. Since, the output of sensors are both analog and 

digital, selected Data Logger should be able to communicate with different protocols like 

voltage/current analog signals, RS232/485 and so on. After having several communications with 

different manufactures, CR3000 Data Logger, which is manufactured by Campbell Scientific was 

selected. Its datasheet can be seen in the Appendix A [39].  

Figure 2-37 illustrates the utilized Data Logger with its wirings and safety fuses as one of 

control parts of developed HTPP. These fuses protect this control panel from possible short circuits. 

This Data Logger needs 12 DC volt as its power supply and it should be programmed to work 

automatically and reliably during the data collection. In the next chapter, developed programs for 

the Data Logger will be discussed in detail.  

For extracting collected data, from Data Logger, which is an Excel file, LoggerNet program 

is used. For this purpose, Data Logger was connected to a laptop computer over a RS232 link. As 

it can be seen from Figure 2-38 LoggerNet program has user-friendly graphical interface. 
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Figure 2- 37: Utilized Data Logger and its wirings 

 

Figure 2- 38: LoggerNet program to communicate with utilized Data Logger 

Another storage system for the developed HTPP is a laptop computer. All captured images 

(RGB and multispectral) are saved and tagged with geospatial information in this unit. In other 

words, laptop is other main control system of developed HTPP. Therefore, to have a reliable, 

autonomous and fast RGB or multispectral image collection, the utilized laptop is equipped with 

the developed programs which will be discussed in the next chapter. 
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2.9. The hardware system for HTPP  

In this section, the system architecture for field-tests in 2018 and 2019 is discussed. After 

selecting, purchasing and testing selected devices to record and measure features of crops, 

hardware part of HTPP was assembled. Figure 2-39 and 2-40 illustrate an architecture of 

assembled system for 2018 and 2019 data collections. The main difference between these two 

systems’ architectures is using multispectral camera and adding central ultrasonic sensor in the 

2019 data collections. As discussed, by using central ultrasonic sensor, the height of mechanical 

boom can be recorded during the data collections and by using Eq. 2-5 to 2-11, accurate height 

measurement without any primary sensor calibration can be achieved. 

All sensors’ outputs and GPS strings are connected to the Data Logger which works as a 

central control system. Therefore, devices’ captured data can be geo-tagged and recorded in the 

Data Logger. Moreover, RGB and multispectral cameras are connected to the laptop. Laptop works 

as other central control system and GPS receiver’s output is connected to it. All captured images 

are saved and tagged with the geospatial information in the Laptop. Laptop and Data Logger are 

operating by the use of developed programs as software part of developed HTPP, will be discussed 

in detail in the next chapter. 

 

Figure 2- 39: System's hardware part for 2018 data collections with four ultrasonic sensors, two IRTs, ambient 

temperature and humidity sensor, two Crop Circle sensors and two BRIO webcams  
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Figure 2- 40: System's hardware part for 2019 data collections with five ultrasonic sensors, two IRTs, ambient 

temperature and humidity sensor, two Crop Circle sensors, two BRIO webcams and two multispectral cameras 

Mechanical design team of the Robotic Laboratory at the University of Saskatchewan, 

designed a mechanical boom for both Tractor and Swather. After wiring devices on these booms, 

they were used for data collection on wheat and canola fields in 2018 and 2019 (Figure 2-41 and 

2-42). As can be seen, the developed mechanical boom can be folded for convenient transportation.  

 

Figure 2- 41: Mounted boom on a Swather and wired with devices for canola data collections a) transportation and 

b) expanded mode 
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Figure 2- 42: Mounted boom on a Tractor and wired with devices for wheat data collections a) transportation and 

b) expanded mode 

2.10. Summary 

To summarize, the hardware part of the developed ground based HTPP was discussed in this 

chapter. After having several meetings and thorough literature review on the existing platforms, 

different features of canopies were targeted to be monitored. Measuring their height, temperature, 

NDVI value, ambient temperature and humidity, capturing RGB and multispectral images from 

them were selected as target traits.  

For this purpose, after searching for existing sensors and contacting their manufactures, 

several devices were selected and procured. All these, devices were tested in the laboratory 

conditions and reliability and accuracy of them were verified before using in the field conditions.  

Existing agricultural vehicles, were equipped with the mechanical boom. Sensors and 

cameras were wired on the mechanical boom. All captured data and images are tagging with the 

geospatial information (longitude and latitude) and saving into the Data Logger and laptop.  
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CHAPTER 3- Software developed for the platform 

3.1. Introduction 

As discussed in the previous chapter, developed HTPP has a hardware part that consists of 

different sensors and devices. It is inevitable that these devices should be controlled by different 

programs. Moreover, several programs should be developed for different purposes such as 

visualization, sorting and post processing. It can be said that the most challenging achievement for 

this research is developing software part of proposed HTPP.  

Indeed, several programs should be developed for different phases such as preparation, data 

collection and post-processing. The main essential programs that are critical for the operation of 

developed field-based HTPP can be categorized as: 

 A mapping program for generating the map of field with the GPS information of each plot. 

 A data acquisition program for collecting sensors’ data and tagging them with the related 

geospatial information (longitude and latitude).  

 An image acquisition program for capturing (RGB and multispectral) images of crops with 

their GPS information. 

 A post-processing program for extracting NDVI information of plants from each of captured 

multispectral images. 

 A data visualization program for post processing analysis (showing the map of field and 

loading all collected data and images). 

 A sorting program for autonomously organizing collected data and images in the Excel 

sheets and related folders. 

This chapter covers developed programs for the developed field-based HTPP. In this 

research MATLAB was used as the main programming language for developing the software. It 

was used for mapping, image acquisition, data visualization, post-processing and data/image 

sorting part. Furthermore, another programming language (CRBasic) was used for data acquisition 

program. This program is executed in the Data Logger to collect sensor’s data and create 

phenotypic data base. The results of utilizing these programs in the developed HTPP will be 

discussed in chapter four. 
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3.2. Mapping programs 

Creating the map of studied field was the first challenge for the development of proposed 

field-based HTPP. This map should be used for data visualization and sorting. In other words, the 

data are related to the plot level (geo-tagged) using this program.  

As discussed in chapter 2, the developed HTPP has one GPS receiver. Using this receiver, 

longitude and latitude information of the vehicle can be determined. Also, this station prepares 

valuable information to create the map of targeted field. Consider the following sample GPS string: 

$GPRMC,210952,A,5220.187369,N,10617.00265,W,1.5,90.2,020818,15.2,E*61 

Longitude and latitude (𝐿𝑎𝑡 /𝐿𝑜𝑛) are 5220.187369 and 10617.00265, respectively. These 

values are in degrees minute format (𝐿𝑎𝑡𝐷𝑀  /𝐿𝑜𝑛𝐷𝑀 ). They need to be converted to decimal 

degrees (𝐿𝑎𝑡𝐷𝐷 /𝐿𝑜𝑛𝐷𝐷) by using following equations (using floating point numbers) [44, 45]:  

𝐿𝑎𝑡𝐷𝐷 = (
𝐿𝑎𝑡𝐷𝑀 − 5200

60
) + 52 (3-1) 

𝐿𝑜𝑛𝐷𝐷 = ((
𝐿𝑜𝑛𝐷𝑀 − 10600

60
) + 106) × (−1)  (3-2) 

Therefore, by using these equations, the equivalent longitude and latitude values in 

decimal degrees format can be calculated as below:  

𝐿𝑎𝑡𝐷𝐷 =52.3364561441667  

𝐿𝑜𝑛𝐷𝐷= -106.283377549167 

As discussed in section 2.7 longitude and latitude values of a point on the Earth surface can 

be found based on the another point’s geospatial information by using the Eq. 2-23, 24 and 25. 

Therefore, as can be seen in Figure 3-1, using these equations and the output GPS string of receiver, 

the correlation of each plot’s center can be calculated. A green rectangle represents the plot, black 

and white dots represent the center of plot and the GPS receiver, respectively. 
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Figure 3- 1: Using GPS receiver to find correlation of unknown point 

3.2.1. Mapping program- Version 2018 

The studied fields’ crops were bred in the way that they have rectangular shapes with the 

almost same dimensions and same distances between the plots. As can be seen in Figure 3-2, by 

having GPS correlation of the center of two known plots (first and last plots), which are in one 

row, longitude and latitude values of center of other plots, in the same row, can be found by 

interpolation. Therefore, for each row of the studied field, we can find first and last plots’ 

geospatial information (longitude and latitude values of center of plots). Secondly, an Excel sheet 

should be prepared, which has the longitude and latitude values of plots’ center for the entire of 

field as can be seen in Figure 3-3.  

 

Figure 3- 2: Using interpolation to find center of plots from information of the first plot 
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Figure 3- 3: A screenshot of a part of the generated Excel sheet for the information of plots’ center 

By having information about the center of plots, coordinates of the four corners is calculated 

using the Eq. 2-23, 24 and 25 (Figure 3-4). As discussed in chapter 2, d is the distance between 

two points and 𝜃 is angle with respect to the North Pole. A MATLAB function was developed 

(Boom.m) to use these equations, which can be found in the Appendix B. For example, to find 

longitude and latitude values of point A, firstly these equations should be used, where d and 𝜃 are 

L/2 meter and 0 degree, respectively. Next, these equations should be used with different values 

for d and 𝜃. This time, d and 𝜃 are W/2 meter and 270 degree, respectively. Therefore, latitude and 

longitude information of corner points (A, B, C and D) can be calculated and a rectangular 

schematic of each canopy plot can be drawn by using these values.  

 

Figure 3- 4: A schematic of plot and its four corners 
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Figure 3- 5: The flowchart of loading field’s map (version 2018) 

An Excel sheet like Figure 3-3, which includes the center of plots’ should be prepared for 

each studied field. This Excel sheet is necessary to use visualization program, which will be 

discussed in section 3.6, and it should be placed in the folder of the visualization program. Figure 

3-5 illustrates the flowchart for importing and drawing the map of field. 

3.2.2. Mapping program- Version 2019 

There were issues with mapping (version 2018) program. First, for the large-sized fields, 

finding and calculating the geospatial information of two plots in each row is challenging. A new 

version of mapping program, which is user friendly and automated, was developed for the mapping 

of fields on 2019. This programs was developed with the collaboration of Rahim Oraji (Robotics 

Laboratory’s research assistant). By using this module, user can maps fields easier. For mapping 
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the field, as long as, the dimensions of plots and the gap between them are constant, the geospatial 

information (longitude and latitude) of a corner plot is enough to map the entire field. By using 

this GPS information, longitude and latitude values of the four corners of all plots can be calculated. 

The module supports multiple mapping with different angles respect to the north direction and also 

produces two main files (.config and .csv formats). After the map file creation, map file can be 

trimmed or in other words edge-effect consideration can be applied. 

It is mentionable that for working with mapping module, firstly, the dimensions of drawn 

plots should be considered with the gap and the path between them as can be seen in Figure 3-6. 

The actual plot’s dimensions will be applied in the next steps. W, L, G, P are representing 

respectively, width, length of plots (considered with gap and path values), gap and path values of 

studied field. In other words, W and L are center to center dimensions. P1 is reference point, which 

is along plot’s center. This reference point’s longitude and latitude can be found by locating 

vehicle’s GPS receiver in the mentioned point. Figure 3-7 illustrates developed GUI for the 

mapping module of Pheno-VISDM3. The manual for using this program can be found in the 

Appendix C. 

 

Figure 3- 6: Calculating the location of all plots using a starting point to create a map for the studied field 
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Figure 3- 7: Mapping module of PHENO-VISDM3 program 

For mapping the studied fields several equations should be used in the steps 2-3 of manual. 

A calculator module is developed for the Pheno-VISDM3 to ease these calculations. To open 

calculator module, user should click on the tools tab in the Data handling window and then selects 

mapping tools, and after that selects calculator. A new window will be appeared. Figure 3-8 

illustrates calculator module of Pheno-VISDM3 and its different modes. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3- 8: Calculator module of Pheno-VISDM3 for a) converting decimal minutes to decimal degree b) 

calculation longitude and latitude values of a new point based on known point c) calculation distance of two points 

d) double shift of known point 
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3.3. Data acquisition program 

Utilized sensors should measure and collect data and all these data should be saved into the 

control center. Data Logger is utilized as one of control centers in this study. Therefore, by using 

Data Logger and developing proper program for it, a phenotypic database, which includes 

collected data can be prepared. Figure 3-9 illustrates data acquisition system for the developed 

HTPP. For this system, a data acquisition program for collecting and saving data was developed. 

There were challenges for the development of this program, such as analog output of some sensors 

(their calibration), tagging collected data with the related time and geospatial information, and 

eliminating delay issue during the operation of program. 

To develop data acquisition program, a programming environment called LoggerNet was 

utilized (Figure 3-10) and programming language is CRBasic. This environment is provided by 

the manufacture of the Data Logger. 

In the developed codes, first required variables should be defined and they should be stored 

temporarily. Then, all phenotypic data should be transferred to an Excel file. The flowchart of 

developed data acquisition programs (versions 2018 and 2019) can be found in Figure 3-11.  

 

Figure 3- 9: Data acquisition system consists of Data Logger, GPS receiver for geo-tagging, five ultrasonic sensors 

for height measurement, two IRT for temperature measurement, two Crop Circle sensors for NDVI measurement, 

and a weather station sensor for measuring ambient temperature/humidity 
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Figure 3- 10: Utilizing CRBasic Editor for programming Data Logger by using LoggerNet 

 

Figure 3- 11: The flowchart for the data acquisition program on a) 2018 b) 2019 data collections 

The main difference between 2018 and 2019 versions is that, the utilized HTPP in 2018 data 

collections had four ultrasonic sensors that they were calibrated to measure the height of crops. 

Before, each field tests they were calibrated, which was time consuming issue especially in field 

conditions. Another ultrasonic sensor was added to the boom for 2019 data collections. All sensors 

were measuring distance values and by using these values, and subtracting them from the boom’s 

height, then height of crops were calculated. Therefore, by using this approach ultrasonic sensors 
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do not need any calibration before start of data collections. More details were discussed in section 

2.2 

The baud rate to communicate with the utilized measurement devices is fixed to 38400bps 

(bits per second) to have reliable communication. The data acquisition cycle in the program is 

250ms. In other words, four sample points can be captured per second. The number of collected 

data for each plot can be determined by selecting proper speed for the vehicle (Swather or Tractor). 

For the studied fields, it was achieved that by choosing traveling speed around 1.6mph, around 

eight data per plot was collected, which seems ideal. Prepared manual for executing Data Logger 

and extracting collected data can be found in the Appendix C. 

Figure 3-12 illustrates two rows of generated Excel file to clarify structure of phenotypic 

table. Each row of this table (record) consists of time information of data collection, GPS string 

and sensors’ values (ultrasonic, infrared thermometer, Crop Circle, weather station for ambient 

temperature and humidity). The number of records depends on the size of the studied field and the 

duration of data collection. IRT #1 (right) and IRT #2 (left) sensor columns encompass collected 

temperature of crops via infrared thermometers. NDVI sensor #1 (right) and 2 (left) columns 

represent the captured NDVI value by each sensor. Moreover, ultrasonic sensors #1-2 (right) and 

#3-4 columns show the height of canopies that are recorded by the utilized ultrasound sensors. 

Ultrasonic sensor #5 (center) column represents the height of the boom during the data collection.  

GPS string column represents NMEA GPS string of each record. Collected data can be 

related to the plot level in the future retrieval. This string should be broken into meaningful pieces 

to extract latitude and longitude information. 

 

Figure 3- 12: The structure of Excel database to store phenotypic data 
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Figure 3- 13: Image acquisition system consists of laptop, GPS receiver for geo-tagging, two webcam for capturing 

RGB images and two multispectral camera for capturing multispectral images 

 

3.4. Image acquisition programs  

Not only a data acquisition program should be created for the developed HTPP but also 

another program should be developed for the image acquisition. Data Logger have limited amount 

of memory and they can just read and save signals, strings and numeric data. Another unit should 

exist to save taken images. In addition, the image acquisition programs should be executed on this 

unit. Therefore, a laptop computer was added to the hardware part of developed HTPP to execute 

image acquisition programs and save captured images (Figure 3-13). 

Different image acquisition programs were developed to capture RGB and multispectral 

images. These programs were tested and used in the laboratory conditions and during field 

experiments in 2018 and 2019. It was found that the programs are working reliably and accurately. 

In the next sections, the developed programs will be discussed in detail. 

3.4.1. Image acquisition program for RGB camera 

As discussed in section 2.6, to capture RGB images of crops, three model of cameras were 

tested, and Logitech BRIO webcam was selected as the proper camera for the image acquisition 

system. To develop RGB image acquisition program, image acquisition toolbox of MATLAB was 

employed. The main command that was used is snapshot. This command acquires single image 

frame from the connected cameras. By calling snapshot in a loop, a new frame will capture in each 

iteration. This command can use the camera’s default resolution or another resolution that was 
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specified before. To have a reliable and fast geo-tagging process the taken images should be sorted 

in the temporary memory during data collection, and after finishing data collection they should be 

saved into the hard drive. 

Two model of programs were developed in MATLAB GUI to communicate with the 

webcams. First model was developed previously by the robotic group of mechanical engineering 

department of University of Saskatchewan [25]. This program used and evaluated for 2017 and 

2018 field experiments. 

A newer version of image acquisition program was developed for 2019 field experiments. 

This program is user friendly and has more features. As can be seen in Figure 3-14, user can select 

format of saving (.jpg and .png) and resolution of cameras (640*360, 960*540, 1280*720, and 

1920*1080). Table 3-1 shows measured required time for saving images with different resolutions 

and formats. Moreover, in 2019 version, user can pause the capture cycle of image acquisition and 

resume it, manually. However, the main advantage of new version image acquisition program is 

the existence of auto-pause feature. Because the output of GPS receiver is connected to the laptop, 

GPS string should be used for geo-tagging and the heading angle of vehicle can be extracted from 

this string as discussed in section 2.7. By using auto-pause option, program will be paused 

automatically in the places that vehicle is turning. User can determine two valid heading for the 

vehicle and tolerance value for them. 

 

Figure 3- 14: The developed GUI for image acquisition program for RGB cameras  
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Table 3- 1: Spent time for saving RGB images with different resolutions and formats 

No. Resolution Format 

Size of each 

picture 

(average) 

Number of 

captured 

images 

Size of 

captured 

images  

Required Time for 

saving images on 

the hard drive 

Test 1 1920*1080 .png 4 MB 1658 6.55 GB 16:00 

Test 2 1920*1080 .jpg 600 KB 1656 885 MB 1:30 

Test 3 1280*720 .png 2.2 MB 1640 3.13 GB 6:00 

 

For example, in Figure 3-15, by determining 90 degree for Heading 1, 270 degree for 

Heading 2, and 10 degree for Tolerance, image acquisition program will work for the headings 

that are between 80 to 100 degree and 260 and 280 degree. Thus, image acquisition program should 

be paused automatically, when vehicle is in position 3 or 4. 

This program was tested and used in the laboratory condition and during field experiments. 

It was found that the program is working reliably and accurately. Table 3.2 compares number of 

captured images with the image acquisition program with and without auto-pause option for the 

studied wheat field in the 2019 data collections. From this table, it can be said that by using auto-

pause feature, the image acquisition system captures just proper and valid images and as a result 

less time spent, which is more than 20% improvement in saving time. Figure 3-16 illustrates the 

flowchart of image acquisition program for RGB cameras. 

 

Figure 3- 15: Automatic pause of image acquisition program during the data collection 
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Table 3- 2: Comparison between the operation of developed image acquisition program for RGB images with and 

without auto-pause option for the entire studied wheat field 

No. Mode of image acquisition program Format Number of captured images  

Test 1 With auto-pause feature .png ~1900 

Test 2 Without auto-pause feature .png ~2400 

 

 

Figure 3- 16: The flowchart of developed image acquisition program for RGB cameras 
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3.4.2. Image acquisition program for multispectral camera 

This sensor was added in late 2018 growing season, but wasn’t fully incorporated into HTPP 

until 2019 growing season (May-Aug). Another program was developed for image acquisition of 

multispectral cameras. This program is written in the MATLAB and for its development, none of 

MATLAB toolboxes was used. However, ActiveX control unit was used for developing of this 

program. ActiveX is a software framework that adapts its earlier COM (Component Object Model) 

and is one of the main technologies used in component-based software engineering. In the 

developed image acquisition program for multispectral cameras, ActiveX prepares real-time view 

of connected multispectral camera to the selected COM port as can be seen in the Figure 3-17.  

One of the issues with the selected model of multispectral camera is that the real time view 

of just one camera can be monitored in each moment as can be seen in Figure 3-17. Since, the 

HTPP needs one multispectral camera for each side of the mechanical boom, two cameras are 

needed, and they should be switched continuously with each other after taking images during the 

data collection period. User can import switching time between cameras. After several tests in the 

laboratory conditions, it was realized that the minimum switching time value for reliable operation 

of developed program is 0.08 second. Same as image acquisition program for RGB cameras, in 

this program all taken images are sorted in the temporary memory when tagging with geospatial 

information during the data collection. After image collection are concluded, sorted images are 

saved into the hard drive using .png format.  

 

Figure 3- 17: The developed GUI for image acquisition program for multispectral cameras 
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This program is developed specifically for multispectral image acquisition. For extracting 

NDVI images and information, another program was used, which will be discussed in the next 

section. Figure 3-18 illustrates the flowchart of multispectral image acquisition program.  

 

Figure 3- 18:  The flowchart of developed image acquisition program for multispectral cameras 
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3.5. Multispectral images post processing program 

As discussed in the previous section, using multispectral images, NDVI information of crops 

can be extracted. The NDVI value is an indicator that quantifies live green vegetation index.  

The msCAM CMV4000 is the model of selected multispectral camera used in our HTPP. A 

captured image through this camera has four bands as 580, 660, 735 and 820 nm as can be seen in 

Figure 3-19. This camera uses a MFA, (Multispectral Filter Array) that incorporates proprietary 

pixelated band pass filters to break down the image (.PNG) into smaller parts. Therefore, each 

band’s picture can be extracted from the captured multispectral image. As discussed in chapter 

two, NDVI information can be calculated and found in two different range by using following 

equations: 

For -1 to +1 Range: 𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 (3-3) 

For 0 to +1 Range: 𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 (3-4) 

Where Red and NIR (Near Infrared) are two basic spectral reflectance information of red and 

near-infrared wavelengths. The wavelengths of different spectral bands are [4-6]: 

 Blue, 450–515..520 nm 

 Green, 515..520–590..600 nm 

 Red, 600..630–680..690 nm 

 Red Edge (RE), 690..700-750 nm 

 Near infrared (NIR), 750–900 nm 

 

Figure 3- 19: A multispectral image with four bands as 1) 580, 2) 660, 3) 735, and 4) 820 nm 
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By considering these ranges, channels 1 to 4 of captured images can be considered 

respectively as Green, Red, RE and NIR spectral bands. Therefore, using pixel information of 

channels 2 and 4, and also using Eq. 3-3 and Eq. 3-4, NDVI information of imported image can 

be calculated. For this purpose, a user friendly program was developed in MATLAB. Figure 3-20 

illustrates the GUI of multispectral image’s post-processing program. By using this program 

minimum, maximum, range, standard derivation and mean values of imported multispectral 

image’s pixels can be found in two different ranges, which are 0 to +1 and -1 to +1. Furthermore, 

the histogram of NDVI values in the imported image, NDVI image (gray and color) and its detail 

information can be extracted as can be seen in Figure3- 21. Figure 3-22 illustrates the flowchart of 

the multispectral image’s post-processing program.  

 

 

Figure 3- 20: The developed GUI for multispectral image's post-processing program 
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a)  

b) 

 
c) 

 
d) 

 
e) 

Figure 3- 21: Sample of extracted NDVI information via multispectral image's post processing program a) modified 

multispectral image of 4 bands b) histogram of NDVI pixels c) gray NDVI image d) color NDVI image e)detailed 

information of NDVI image 
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Figure 3- 22: The flowchart of developed multispectral image’s prost-processing program 

3.6. Data visualization programs 

To analyze and monitor collected data and images a data visualization program was 

developed. By using this program breeder can load and monitor the field of map and collected 

data/images on a map. Moreover, by using this program geo-referencing of collected data/images 

were verified which will be discussed in chapter 4.  

The collected phenotypic database consists of reordered data by different sensors such as 

infrared thermometer, ambient temperature/humidity, Crop Circle and ultrasonic sensors (Figure 

3-23). The number of records (number of rows) depends on the excitation time of data acquisition 

program and the scale of the field monitored. All records of this database have geospatial 

information of that record. Column 7 of this database is representing GPS string and latitude, 
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longitude and heading angle of vehicle can be extracted from it. For example, consider the GPS 

string as 

$GPRMC,210952,A,5220.187369,N,10617.00265,W,1.5,90.2,020818,15.2,E*61 

The heading angle of vehicle is 90.2 degree with respect to the North Pole. Longitude and 

latitude are 5220.187369 and 10631.10617.00265, respectively, which are in degree minutes 

format.  

Furthermore, all collected RGB and multispectral images are tagged with the GPS 

information during the operation of image acquisition programs like  

Latitude, Longitude, Heading, R/L 

For example, consider the tag of image as 5220.21174957, 10617.36839173, 270.2, L.png. 

Longitude and latitude are 5220.21174957 and 10617.36839173, respectively. The heading angle 

is 270.2 and this image was taken by Left side’s camera. 

All of these longitude and latitude values (for data and image) are in degrees minute format 

(𝐿𝑎𝑡𝐷𝑀 /𝐿𝑜𝑛𝐷𝑀) and they are converted to decimal degrees format (𝐿𝑎𝑡𝐷𝐷 /𝐿𝑜𝑛𝐷𝐷) using Eq.3-1 

and 3-2. It is mentionable that all of these geospatial information (for data and image) are related 

to the location of GPS receiver. By using recorded GPS information and Eq. 2-24 to 2-26, 

longitude and latitude information of each device can be found for each record and this calculation 

is necessary for data and images loading. From Figure 3-24, it can be found that the distances 

between the devices are different and their angle with respect to the North Pole should be 

considered in using mentioned equations. IRT, US and CC are abbreviations of Inferred 

Thermometer, Ultrasonic Sensor and Crop Circle, respectively. 

 

Figure 3- 23: A screenshot of a sample phenotypic database (details is explained in Figure 3-13) 
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Figure 3- 24: Distances of devices in the developed HTPP 

Two versions of visualization program was developed for further analysis of collected data. 

Both of them were written in MATLAB. It can be said that the crucial part to use these programs 

is using the map of field. The map should be prepared by using mapping module. In the next 

sections, two version of developed visualization programs is discussed in details. 

3.6.1. Data visualization program- Version 2018  

This program has several features such as importing the map of field, importing stored 

phenotypic database and collected images in their corresponding plot locations, zooming and 

panning into desired plot for closer investigations, and monitoring loaded data and images. Figure 

3-25 illustrates a screenshot of the developed data visualization program. 

All collected data and images, which are geo-tagged during the data collection phase, can be 

loaded through this program for post-processing. This program has several buttons, as shown in 

the right hand side of Figure 3-25 with blue colors. Also, data display area is located in the right 

bottom corner of developed GUI. The target-monitoring field should be mapped by mapping 

programs in a previous stage (more detailed information can be found in section 3.2.1). An Excel 

sheet that has longitude and latitude information of each plot’s center is using to import and draw 

the map of studied field. For finding coordinates (longitude and latitude) of each sensor and camera 

based on the GPS antenna’s location, distances and angles between devices and antenna was 

considered as shown in Figure 3-24.  
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Figure 3- 25: The developed GUI for data visualization program- Version 2018 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Figure 3- 26: Monitoring five sample data points via data visualization program-Version 2018  a) Height b) 

Temperature c) NDVI d) Boom’s height and ambient temperature/humidity e) RGB image 
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Detail of this program can be found in Appendix C. Figure 3-26 illustrates examples of 

monitoring different data and image objects using developed visualization program. After loading 

data and images, green and red triangles, blue, black and red dots appear in the display area. They 

represent respectively the locations of left and right cameras, ultrasonic, Crop Circle, infrared 

thermometer sensors. By choosing any of these icons, the measured data and captured images 

appears. Also, yellow dots are used for height of the boom, ambient temperature and humidity. 

The flowchart of different operation of this visualization program can be found in Figure 3-27. 

 

Figure 3- 27: Flowchart of different functions of developed data visualization program-Version 2018 a) Visualizing 

collected data b) Visualizing captured images c) Monitoring an available data point d) Monitoring an available 

image 
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3.6.2. Data visualization program- Version 2019 

 A new version of data visualization program which is user-friendly was developed for 

visualization of collected data and images on 2019 data collection. This program was written in 

MATLAB and is one of Pheno-VISDM3’s modules. The functions, of this program are mostly 

like the previous version (2018 version), which was discussed in section 3.6.1. New version has 

several advantages such as: 

 Flexibility in applying edge effect, path and gap values. 

 Higher speed in the loading and sorting of collected data and images. 

 Indicating that the loaded data is inside (with red color) or outside (with blue color) of plots. 

 Showing more useful information in the data display area. 

The main difference between 2018 and 2019 versions is that in the 2019 version, user is able 

to utilize it after sorting collected data and images. In other words, after using data/image sorting 

module of Pheno-VISDM3 essential files will be created, which are necessary for using data 

visualization module. Data and image sorting module of Pheno-VISDM3 will be discussed in the 

next section. User has access to this program through the main window of Pheno-VISDM3 as can 

be seen in Figure 3-28. To utilize this program, several steps should be completed. The manual of 

this program with its details can be found in Appendix C. 

 

Figure 3- 28: The developed GUI for data visualization module of Pheno-VISDM3 
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Figure 3-29 illustrates examples of monitoring different data and image objects by using 

visualization module of Pheno-VISDM3. By selecting “Cursor” function and clicking on the all 

of the graphical objects, user can monitor related value or image to them. Red and blue colored 

objects are related to the records that are inside and outside of plots, respectively.  

 

a) 

 

b) 

 

c) 

 

d) 

Figure 3- 29: Monitoring four sample data points via developed GUI for data visualization module of Pheno-

VISDM3 a) Height b) Temperature c) NDVI d) RGB image 
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3.7. Sorting program for data and images 

The developed data visualization programs are useful when a breeder wants to observe the 

collected information (sensors’ records and taken images) in different regions of a particular plot.  

Another program was developed for having statistically analysis over the collected data for 

the entire field. Using this program, all collected data (raw phenotypic database) and images (RGB 

and multispectral) can be sorted based on plot numbers.  

This program generates two outputs. One of the outputs is an Excel sheet that summarizes 

all collected data with associating each data to the related plot as can be seen in Figure 3-30.  

This Excel file has three sheets as 

 CropCircle Sheet: This sheet indicates vegetation index or NDVI measurements of each 

particular plot. 

 Ultrasonic Sheet: This sheet shows height records of each particular plot. Also, for each 

record, the height of boom is associated.  

 IR_Thermometor Sheet: This sheet shows particular plot’s temperature records. For each 

record, the ambient temperature and humidity values are identified. 

All three sheets of Excel file have “Date”, “Plot Counter” and “Senor Location” columns 

that represent the time of each record, counting number of associated data values for each plot, 

and the location of sensor that recorded the value, respectively. These Excel sheets ease statistical 

analysis of collected data according to the plot numbers. 

Other output of sorting program is a folder of sorted images. Inside of generated main-file 

there are sub-folders that are tagged with plots’ names and related taken RGB or multispectral 

images are copied to the inside of each related folder as can be seen in Figure 3-31. This feature 

of image sorting program is useful for using multispectral image’s post-processing program. User 

can select the target plot and use multispectral images that are inside of the folder with related tag.  
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a) 

 
b) 

 
c) 

Figure 3- 30: A screen of generated Excel sheets for a) NDVI b) temperature c) height measurements via the 

developed data/image sorting module of Pheno-VISDM3 

Data and image sorting module of Pheno-VISDM3 was written in MATLAB and user has 

access to this module through the main window of Pheno-VISDM3 (Figure 3-28) by clicking on 

the “Start sorting” button. Figure 3-32 illustrates developed GUI for data and image sorting 

module of Pheno-VISDM3. Details of this program can be found in Appendix C. 
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Figure 3- 31: A screen of generated images’ folders via the developed data/image sorting module of Pheno-VISDM3 

 

Figure 3- 32: The sorting data and images window of developed GUI for data and image sorting module of Pheno-

VISDM3 
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3.8. Summary 

This chapter discussed software packages for the developed HTPP, which was one of the 

main objectives for this research. Having reliable and accurate programs is critical fact in this study. 

This chapter covered the developed programs for mapping the field, data acquisition, image 

acquisition (RGB and multispectral), multispectral image’s post-processing, data visualization and 

data sorting. For most of topics two models were discussed, 2018 and 2019 versions. The 2019 

version of programs are working more accurately and they are more user friendly and reliable. 

Each program was explained with detail in the related sections.  

In next chapter, experimental results for the wheat and canola nurseries that were achieved 

using the hardware and software of developed HTPP are explained. I would like to acknowledge 

Dr. Rahim Oraji and Mostafa Bayati’s contributions in developing of programs. 
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CHAPTER 4- Experimental results 

4.1. Introduction 

In this chapter, results that are achieved from experimental tests are discussed. To examine 

the performance of developed HTPP, several field tests were accomplished during the growing 

seasons of 2018 and 2019 that is May to August. The target fields were comprised from wheat 

(270 and 270 plots) and canola (3000 and 400 plots) canopies. 

Several vibration experiments were performance on the mechanical boom to verify the 

reliability of its structure. The mechanical boom carried properly and reliably all devices during 

the data collections. 

The assembled hardware of HTPP is tested in breeding field conditions. Furthermore, the 

developed programs are examined in in all phases of experiments (field mapping, data collection, 

visualization, sorting and post-processing). 

Data collection were done in five stages for each of nurseries as seedling, start of flowering, 

end of flowering, start of maturity and end of maturity statues. The date of these stages were 

estimated by the breeders and agronomists. These dates were variable based on the weather 

conditions. Collected data are analyzed for different genotypes. The reliability and accuracy of 

measurements are discussed in this chapter. 

4.2. Monitored Canola fields  

Several field experiments were performed in two canola fields, which were large-size 

(around 400 rectangular plots) and mega-size (around 3000 rectangular plots). These fields were 

arranged in several rows based on diverse genotypes, on growing seasons of 2018 and 2019. These 

nurseries were bred by Cargill, Incorporated, Canada. The location of studied nurseries, which are 

extracted from Google Maps are prepared in Appendix D.  

The travelling path was 2 meter for both fields. The dimensions of canola plots were different 

for each year (Figure 4-1). It is mentionable that winter canola was cultivated between canola plots 

on 2018 filed, as shown in Figure 4-2. The purpose of cultivating winter canola was creating visible 

frontier between plots, which is useful for harvesting. Nevertheless, for 2019 field, winter canola 

was not seeded in the space between plots. 
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a) 

 

 
b) 

Figure 4- 1: Dimensions of canola plots on a) 2018 b) 2019 fields 

It should be considered that in this research, there are two ways for sorting the collected data, 

which are with and without plots edges. When we are talking about edge-effect, we select part of 

plot as a valid part (Figure 4-1) and data, which is inside of the valid area (dark green) will be 

analyzed.  

As discussed in chapter 2, Swather was selected as the vehicle to carry mechanical boom 

and utilized devices in Cargill fields. Swather is a semi-autonomous farm vehicle and has auto-

steer navigation system, with help from an RTK-GPS with an accuracy of about 1 inch. Several 

vibration tests were done by mechanical team for different speeds of vehicle and it was concluded 

that when Swather’s speed is 1.6 mph, the measurement devices could collect data reliably without 

any issue. Therefore, vehicle’s speed was set to 1.6 mph (0.7 m/s) during most of data collection. 

Moreover, for this speed, proper amount of data can be recorded with each of devices (GPS 

receiver, sensors and cameras). As discussed in chapter 3, the data acquisition cycle in the program 

is 250ms. In other words, four sample points can be captured per second. The time which takes for 

vehicle to pass through a single plot can be calculated from Eq. 4-1. 
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Figure 4- 2: Studied canola field on 2018 with canola plots and winter canola between them  

𝑡 =
𝑥

𝑣
 (4-1) 

Where x is the width of a single plot and v is the speed of vehicle (0.7 m/s). Therefore, for 

x= 1.5 and 1.8 meter, t are 2.14 and 2.57 second, respectively. The number of data sampled per 

plot (𝑋𝑠) can be calculated from following equation: 

𝑋𝑠 (𝑠𝑎𝑚𝑝𝑙𝑒𝑠)

1 (𝑠𝑎𝑚𝑝𝑙𝑒𝑠)
=

𝑡 (𝑠𝑒𝑐)

0.25 𝑠𝑒𝑐
 (4-2) 

Therefore, the number of collected data per plot for 2019 and 2018 canola nurseries in each 

run are 8-9 and10-11, respectively. It is mentionable fact that these numbers can vary based on the 

availability of GPS signal. The field trials for 2018 and 2019 canola nurseries can be found in 

Appendix E. In the next sections, the collected data from two different canola nurseries is going 

to be analyzed and discussed. 

4.2.1. Analyzing growth of plots for canola field in 2018 

The developed HTPP was utilized to study a canola field with around 3000 plots during 

growing season on 2018 (June- August). The field had comprised from several genotypes. Each 

crop’s traits such as canopy height, NDVI, temperature, and ambient temperature/humidity were 

targeted and recorded. Moreover, RGB images of canopies were captured, which prepare more 

details for breeders and statisticians for further analysis (Figure 4-3).  
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Five main stages of data collections was determined and completed during the growing 

season on 2018, as can be seen in Table 4-1. After sorting collected data and images via software 

package, valuable information were ready for analysis. Plot #30.77 was selected randomly to study 

its behavior during its growing season on 2018. More examples are prepared in Appendix F. Table 

4-2 presents summary of captured data for this plot in 5 days during its growth. Columns (*) and 

(**) represent values that were extracted without and with considering edge-effect conditions, 

respectively. 

From Figure 4-4, NDVI values for plot #30.77 was increased after first stage. For third stage 

this value was decreased and this decrease’s reason is flowers of plots. Canopy’s flowers made 

parts of plot yellow and decreased NDVI value (greenness) of crop. At the fourth stage of data 

collection, which was end of flowering status, NDVI value increased because of flower loosing. 

Finally, at the last stage, after maturity statues, crop’s color was changed to brown and crop was 

ready for harvest. Moreover, ambient temperature is compared in Figure 4-4 with canopy’s 

temperature, which gives information to breeder about irrigation of canopy. When ambient 

temperature is warmer than crop’s temperature, canopy is under stress. This situation changes the 

amount of yields for different genotypes. Therefore, stronger genotypes to the temperature 

variations can be detected. As it was expected, the height of crops were increased gradually during 

their growth. The relation between height variations during different stages of growth and yield’s 

amount can be extracted for each genotype. 

Figure 4-3, shows available images for the targeted plot, which were captured from middle 

of the plot. These RGB images prepare more detailed information for breeders such as the growth 

rate of plot. For example, from Figure 4-3, it can be said that at the start of flowering status, NDVI 

values should decrease, which can be verified with NDVI variation diagram (Figure 4-4). 

Appendix F represents more examples for analyzes of canola crop’s growth during 2018 season. 

Table 4- 1: Stages of data collection on canola 2018 field 

Stage Description Date 

1st  Stage of data collection Seeding Status June 19, 2018 

2nd  Stage of data collection Flowering Status June 29, 2018 

3rd  Stage of data collection End of Flowering July 18, 2018 

4th  Stage of data collection Before Maturity August 2, 2018 

5th  Stage of data collection Before Harvest August 14, 2018 
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Table 4- 2: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #30.77 during 

summer 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 

Ref: Platform’s 

weather station 

Ambient 

Humidity 

(%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st June 19, 2018 0.49 0.50 - - 34.09 34.33 - - - - 

2nd June 29, 2018 0.65 0.66 - - 26.32 26.35 - - - - 

3rd July 18, 2018 0.63 0.65 57.99 57.99 26.77 26.82 29.20 29.67 56.13 54.36 

4th August 2, 2018 0.65 0.69 61.07 62.92 28.42 28.20 29.10 29.08 40.09 39.94 

5th August 14, 2018 0.53 0.52 69.26 70.40 27.93 27.75 28.60 28.60 23.01 23.01 

 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 4- 3: Plot #30.77 on a) June 19, 2018 (Seedling Status) b) June 29, 2018 (Flowering Status) c) July 18, 2018 

(End of Flowering Status) d) August 14, 2018 (Before Harvest Status) 
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Figure 4- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #30.77 during 

summer 2018 
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Figure 4- 5: Kilograms of harvest per hectare variation of different genotypes (Canola 2018 field) 

After harvest, there is a criteria, kilograms of harvest per hectare (yield amount), for each 

plot that was prepared by Cargill Inc and is confidential. By analyzing of these numbers and related 

genotypes, it can be found that which plot and genotype is more productive (has high or less 

kilograms of harvest per hectare). Figure 4-5 represents kilograms of harvest per hectare different 

genotypes on the studied canola nursery (growing season 2018). Several plots existed for each 

genotype. Minimum, maximum and average amount of yield is showed for each genotypes in this 

Figure. It can be found that “HP7” and “HP5” are genotypes that they are yielding highest and 

“HA2 rep 1” and “HA2 rep 2” are genotypes with least kilograms of harvest per hectare. Therefore, 

features of crops with different genotypes can be compared with each other, as can be seen in 

Figure 4-6 to 4-9. 

 

Figure 4- 6: Comparison different genotype's NDVI during different stages (Canola 2018 field) 
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Figure 4- 7: Comparison different genotype's height during different stages (Canola 2018 field) 

 

 

Figure 4- 8: Comparison different genotype's temperature during different stages (Canola 2018 field) 
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Figure 4- 9: Comparison different genotype's images during different stages1 (Canola 2018 field) 

Another feature of sorted data is that user can study both the entire population of nursery and 

individual plots for more detailed investigations. Figure 4-11 shows the average NDVI values of 

the entire field for five different stages of data collection. Thus, it can be said that the majority of 

                                                 
1 Large sized pictures can be found in Appendix F 
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canola crops were in their maximum greenness (maximum NDVI value) in July 18 trial. Figure 4-

10 illustrates distribution of NDVI values with considering about edge-effect for around 3000 plots 

observed on a) June 19 b) June 29 c) July 18 d) August 2 e) August 14, 2018.  

  
a) b) 

  
c) d) 

 
e) 

Figure 4- 10:  Distribution of NDVI values with considering about edge-effect for around 3000 plots observed on a) 

June 19 b) June 29 c) July 18 d) August 2 e) August 14 (Canola 2018 field) 
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Figure 4- 11: Average NDVI variation in the entire studied population with considering edge-effect (Canola 2018 

field) 

4.2.2. Analyzing growth of plots for canola field in 2019 

The developed HTPP was improved and utilized to study a canola field with around 400 

plots on 2019. The studied field in this year had comprised from several genotypes. The new 

version of data acquisition program was utilized for data collections, which does not need any 

sensor calibration in the field. Same as 2018, crop’s traits such as its height, NDVI, temperature, 

and ambient temperature/humidity were targeted and recorded. Moreover, RGB images of 

canopies were captured by use of new version of image acquisition program. Auto-pause feature 

of this version was tested and verified during the data collection. Furthermore, multispectral 

images of crops were captured by use of multispectral image acquisition program. Utilized 

multispectral camera captures images in four bands, which are 580, 660, 735 and 820 nm. 

Table 4- 3: Stages of data collection on canola 2019 field 

Stage Description Date 

1st  Stage of data collection Seeding Status June 26, 2019 

2nd  Stage of data collection Flowering Status July 11, 2019 

3rd  Stage of data collection End of Flowering July 31, 2019 

4th  Stage of data collection Before Maturity August 15, 2019 

5th  Stage of data collection Before Harvest August 28, 2019 
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Five main stages of data collections was determined and completed during the growing season 

on 2019, as can be seen in Table 4-3. By utilize of Pheno-VISDM3, collected data and images 

were sorted and valuable information were prepared for analysis. Appendix G represents examples 

for analyzes of canola crop’s growth during 2019 season. From each genotype, a random plot was 

selected and behavior of selected plots were compared with each other, as can be seen in Figure 4-

12 to 4-15. It is mentionable that all values are related to the considering edge-effect case. Figure 

4-16 illustrates distribution of NDVI values with considering about edge-effect for around 400 

plots observed on a) June 26 b) July 11 c) July 31 d) August 15 e) August 28, 2019. 

 

Figure 4- 12: Comparison different genotype's temperature during different stages (Canola 2019 field) 

 



87 

 

Figure 4- 13: Comparison different genotype's NDVI during different stages (Canola 2019 field) 

 

 

Figure 4- 14: Comparison different genotype's height during different stages (Canola 2019 field) 
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Figure 4- 15: Comparison different genotype's images during different stages1 (Canola 2019 field) 

                                                 
1 Large sized pictures can be found in Appendix G 
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a) b) 

  

c) d) 

 

e) 

Figure 4- 16: Distribution of NDVI values with considering about edge-effect for around 400 plots observed on a) 

June 26 b) July 11 c) July 31 d) August 15 e) August 28 (Canola 2019 field) 

4.3. Monitored Wheat fields  

The performance of HTPP was evaluated on two wheat fields on growing seasons of 2018 

and 2019, which were located on Kernan Farm, Saskatoon, Canada. These fields both have same 

number of plots, around 270 rectangular plots. However, the genotypes are different for each year. 
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Figure 4-17 and 4-18 illustrates the prepared map of nurseries, which is provided by crop science 

field laboratory. Each plot is identified by two numbers; top number shows genotype and the 

bottom one shows plot’s number. Plot B is a border plot in each row. The location of studied wheat 

nurseries, which are extracted from Google Maps, are prepared in Appendix D. 

 

Figure 4- 17: The map of studied wheat field on 2018 

 

Figure 4- 18: The map of studied wheat field on 2019 
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Figure 4- 19: Dimensions of wheat plots on 2018 and 2019 fields 

The path of travelling was 1.5 meter for both fields. The dimensions of wheat plots were 

same in both 2018 and 2019 fields, as can be seen in Figure 4-19. The space between two-canopy 

plots was empty. As discussed, two approaches exist for data/image sorting, which are with and 

without considering about edge-effect. The valid part of plot after considering edge-effect is 

determined by dark green in Figure 4-19. 

6-feet wide tractor was utilized as a vehicle to carry mechanical boom and attached devices. 

Utilized tractor was a semi-autonomous farm vehicle and has auto-steer navigation system, with 

help from an RTX-GPS with an accuracy of about 1 inch. After applying several vibration tests, it 

was concluded that when tractor travels with speed of 1.6 mph (0.7 m/s), devices can record data 

reliably without any issue.  

The time which takes for vehicle to pass through a single plot can be calculated from Eq. 4-

1 and 4-2. If 0.25 second takes for a record of sample data, then for each plot, HTPP can capture 

6.8 records of data. These numbers can be varied based on the availability of GPS signal. The field 

trials for 2018 and 2019 wheat nurseries can be found in Appendix E. In the next sections, the 

collected data from studied wheat nurseries is analyzed and discussed. 

4.3.1. Analyzing growth of plots for wheat field in 2018 

The side that was studied in the summer of 2018 had comprised from two blocks and totally 

around 270 plots with different genotypes. Height, NDVI, temperature of crops, and ambient 

temperature/humidity were target traits for data collections. RGB images of wheat plots were 

captured, too. 
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Table 4- 4: Stages of data collection on wheat 2018 field 

Stage Description Date 

2nd  Stage of data collection Flowering Status July 13, 2018 

3rd  Stage of data collection End of Flowering July 26, 2018 

4th  Stage of data collection Before Maturity August 9, 2018 

5th  Stage of data collection Before Harvest August 23, 2018 

 

Table 4-4 represents 4 main stages of data collection that was completed during the growing 

season on 2018. Collected data and images were sorted by use of Pheno-VISDM2 and valuable 

information were prepared for analysis. Examples for analyzes of wheat crop’s growth during 2018 

season is prepared in Appendix H. Figure 4-20 to 4-22 compares the behavior of 6 random 

genotypes. It is mentionable that all values are related to the considering edge effect case.  

 

Figure 4- 20: Comparison different genotype's temperature during different stages (Wheat 2018 field) 

2nd Stage 3rd Stage 4th Stage 5th Stage

108 32.8 22.5 29.1 21.1

112 33.3 22.9 29.9 21.7

175 33.2 22.3 28.1 21

260 30.9 22.7 28.4 20.9

333 31.3 22.4 28.1 21.3

373 32.8 25.4 29.3 21.3
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Figure 4- 21: Comparison different genotype's NDVI during different stages (Wheat 2018 field) 

 

Figure 4- 22: Comparison different genotype's height during different stages (Wheat 2018 field) 

2nd Stage 3rd Stage 4th Stage 5th Stage

108 30.6 45.4 77.7 73.7

112 23.7 54.9 76.8 72

175 28.1 45.4 75.6 77.6

260 33.3 63.6 81.3 79.8

333 34.3 39.9 81.4 79.1

373 35.3 47.7 69.8 79.1
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Figure 4-23 illustrates distribution of NDVI values with considering about edge-effect for 

around 270 plots observed on a) July 26 b) August 9 c) August 23, 2018. 

  
a) b) 

 
c) 

Figure 4- 23: Distribution of NDVI values with considering about edge-effect for around 270 plots observed on a) 

June 26 b) July 11 c) July 31 d) August 15 e) August 28 (Wheat 2018 field) 

4.3.2. Analyzing growth of plots for wheat field in 2019 

Studied wheat nursery in growing season of 2019 was close to the 2018’s nursery. Same as 

2018’s wheat field, it had comprised from two blocks and totally around 270 plots with different 

genotypes. Height, NDVI, temperature of crops, and ambient temperature/humidity were target 

traits for data collections. Moreover, RGB images of wheat plots were captured. Furthermore, 

multispectral images of crops were captured by use of multispectral image acquisition program 

and their NDVI information was extracted, which will be discussed in section 4.9. Table 4-4 

represents four different stages (dates) of data collections for the studied wheat field on 2019. 
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Table 4- 5: Stages of data collection on wheat 2019 field 

Stage Description Date 

2nd  Stage of data collection Flowering Status July 23, 2019 

3rd  Stage of data collection End of Flowering August 1, 2019 

4th  Stage of data collection Before Maturity August 20, 2019 

5th  Stage of data collection Before Harvest September 17, 2019 

 

Collected data and images were sorted by use of Pheno-VISDM3 and valuable information 

were prepared for breeders. Appendix I represents examples for analyzes of wheat crop’s growth 

during 2019 season. Figure 4-24 to 4-27 compares the behavior of 6 random genotypes.  

 

Figure 4- 24: Comparison different genotype's temperature during different stages (Wheat 2019 field) 

2nd Stage 3rd Stage 4th Stage 5th Stage

Plot #104 34.5 26 21.3 19.4

Plot #169 28.6 23.6 18.1 18.4

Plot #225 31.5 25.3 20.5 19.9

Plot #264 31.5 25 20.1 22.1

Plot #321 33.3 25.6 20.2 22.9

Plot #376 32.7 24.3 20.5 22.8
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Figure 4- 25: Comparison different genotype's height during different stages (Wheat 2019 field) 

 

Figure 4- 26: Comparison different genotype's NDVI during different stages (Wheat 2019 field) 

2nd Stage 3rd Stage 4th Stage 5th Stage

Plot #104 35.1 33 40.4 54.3

Plot #169 46.4 51.3 63.6 68.8

Plot #225 46.5 52.7 54.4 53.7

Plot #264 42.5 52.3 54.2 55.4

Plot #321 32.3 36.1 42.1 44.1

Plot #376 33.2 42.5 50.6 56.2
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Figure 4- 27: Comparison different genotype's images during different stages1 (Wheat 2019 field) 

                                                 
1 Large sized pictures can be found in Appendix I 
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The distribution of NDVI values for around 270 plots observed on a) July 23 b) August 1 c) 

August 20 d) September 17, 2019 is illustrated in Figure 4- 28  

  
a) b) 

  

c) d) 
Figure 4- 28: Distribution of NDVI values for 243 plots observed on a) July 23 b) August 11 c) August 20 d) 

September 17 (Wheat 2019 field) 

4.4. Mapping programs’ performance 

As discussed in chapter 3, the map of studied field is critical and essential for the use of other 

programs such as data visualization and sorting. Reliable map represents accurate geospatial 

information (longitude and latitude) of all plots. Two versions of mapping programs are developed 

and tested for both wheat and canola fields. In this section, their performance is evaluated.  

4.4.1. Performance of mapping program-version 2018 

In this program, interpolation is used for finding geospatial information of plots. For each 

raw of the field, first and last plots were selected and their centers’ coordinates were calculated 
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and recorded. Then, longitude and latitude values of the rest of the plots’ center in the same row 

were found by using the interpolation, which was explained in section 3.2.1. 

 

Figure 4- 29: Mapped and loaded map file of studied canola field on 2018 through mapping program- version 2018 

 

Figure 4- 30: Mapped and loaded map of studied wheat field on 2018 through mapping program- version 2018 
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As a result, an Excel file can be provided, which has the longitude and latitude information 

of plots’ centers (entire of field). This Excel sheet is critical for the use of visualization program. 

Figure 4-29 and 4-30 illustrate the generated and loaded map of fields via mapping program-

version 2018 for the studied canola and wheat nurseries on 2018 growing season. Green and brown 

rectangles are showing canopy plots and soil, respectively. X-axis and Y-axis represent the 

longitude and latitude.  

It is mentionable that canola field on 2018 comprised from 67 rows of plots, which are in 

two blocks. Therefore, for generating the map of field the geospatial information of 134 plots’ 

centers was calculated and recorded.  

4.4.2. Performance of mapping program-version 2019 (Pheno-

VISDM3) 

This program uses more efficient approach for determining longitude and latitude values of 

each plot in the studied field. It was developed based on the Eq. 2-24 to 2-6 to find geospatial 

information of entire field’s plots. 

 

Figure 4- 31: Mapped and loaded map of studied wheat field on 2019 through mapping program- version 2019 

(Pheno-VISDM3) 
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Figure 4- 32: Mapped and loaded map of studied canola field on 2019 through mapping program- version 2019 

(Pheno-VISDM3) 

For generating the map of field, the geospatial information (longitude and latitude) of just 

one plot (plots # 2.1 on canola and plot # B.1.1 on wheat fields) is enough. It should be considered 

that plots’ dimension and their gap are fix. For using Pheno-VISDM3 to map studied fields, several 

steps should be completed by user, which is prepared in appendix C. Figure 4-31 and 4-32 show 

the generated and loaded map of fields by use of mapping program-version 2019 (Pheno-VISDM3) 

for the studied wheat and canola nurseries on 2019 growing season. X-axis and Y-axis represent 

the longitude and latitude. Green rectangles represent canopy plot and yellow parts are related to 

the gaps between plots (soil parts). 

To verify the accuracy of generated map, another map can be generated based on the other 

corner plot of field (plots #37.38 on canola and plot # B.3.3 on wheat fields). This map can be 

created by adding a new block in the mapping module of Pheno-VISDM3. Figure 4-33 illustrates 

draft version of generated maps based on plot # 2.1 (yellow) and plot # 18.38 (pink) for the studied 

canola field on 2019. X-axis and Y-axis represent the longitude and latitude. These two maps can 

be loaded together and compared (Figure 4-33.c) 
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a) 

 

b) 

 

c) 

Figure 4- 33: A screen shot of generated draft map of studied canola field on 2019 through data mapping module of 

Pheno-VISDM3 a) based on plot 1.1 b) based on plot 37.38 c) comparing generated maps 

The values of j and k are calculated by use of calculator module of Pheno-VISDM3 and they 

are 4.5 and 1.8 cm, respectively. Because the dimensions of field is 288*68.4 m, it is clear that j 

and k are very less and the generated map is valid. Therefore, by use of just one plots’ geospatial 

information, user can map the entire field reliably and accurately. There is another way to verify 

reliability and accuracy of generated maps, which is discussed in the next section. 
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4.5. Verifying geo-referencing reliability for canola and wheat fields 

It is deniable fact that the accuracy of collected data via developed HTPP (data/image 

acquisition, visualization, sorting programs and GPS string) should be confirmed. In other words, 

it should be verified that collected, tagged and sorted data/images are belonged to the related plot. 

To verify the accuracy of programs and platform, several physical signs were placed next to 

different plots, randomly. Each sign had a tag that shows the corresponding plot number, as can 

be seen in Figure 4-34. The reliability of collected data and images can be verified if user monitors 

physical signs with related number by clicking on the corresponded data points on the visualization 

program. 

Figure. 4-35 and 4-36 show the tags set to several plots, while the pictures are loaded into 

Pheno-VISDM2 and Pheno-VISDM3 programs, respectively. This was repeated for all plots with 

physical tags next to them. Programs brought up the right picture for all test days, 100% of time 

on both studied canola and wheat nurseries on 2018 and 2019. It was found that the programs are 

working very reliably, as this examination was continued for all other signs and each day of data 

collection. All physical signs matched with their corresponding location. 

 

Figure 4- 34: An example of utilized physical signs next to individual plots to verify the accuracy of geo-referencing 
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Figure 4- 35: Verifying the accuracy of the geo-referencing using Pheno-VISDM2 (RGB image of wheat plot #274 

on August 28, 2018) 

 

Figure 4- 36: Verifying the accuracy of the geo-referencing using Pheno-VISDM3 (RGB image of canola plot 

#14.23 on July 11, 2019) 
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4.6. Comparing manual and ultrasonic height measurements 

In this section the validity of ultrasonic sensor’s operation for measuring height of crops are 

discussed. The results of manual and ultrasonic sensor height measurements on certain days are 

provided.  

A measure stick was used to measure heights of plots, manually (Figure 4-37). Two or three 

points’ height was measured for the selected plots. On the other hand, data sorting program 

extracted height information for each plots (14-16 records).  

Measurements are compared in both with and without edge effect considerations. Table 4-6, 

represents an example for comparison between manual and ultrasonic height measurements for 

canola field on July 31, 2019. In this table, which is for with considering edge-effect condition, hm, 

represents manual height, hu represents ultrasonic height and STD (Standard Deviation) is standard 

derivation of records. As can be seen from this table, average, maximum and minimum percent 

difference (%Diff), when maximum hu is selected, are 4%, 0%and 21%, respectively. Also, average, 

maximum and minimum %Diff, when average hu is selected, are 14%, 3% and 35%, respectively. 

Figure 4-38 shows comparison results between manual and ultrasonic sensor’s height 

measurements of different plots with considering edge-effect. 

 

Figure 4- 37: Manual height measurement 
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Table 4- 6: Comparison between manual and ultrasonic sensor’s height measurements of different canola plot (with 

considering edge-effects) on July 31, 2019 

R Plot 

Average 

manual 

height(cm) 

Ultrasonic Height 
Diff= 

hm(Average) 

- hu(Max) 

(cm) 

% Diff 

Diff= 

hm(Average) - 

hu(Average) 

(cm) 

% Diff 

STD Min Max Average 

1 6.2 101.6 13.3 74.6 124.9 87.5 -23.3 -21 14.1 15 

2 6.3 102.9 6.9 88.4 110.4 98.0 -7.5 -7 4.9 5 

3 6.4 102.9 16.1 44.7 101.3 85.1 1.6 2 17.8 19 

4 6.5 115.6 21.8 60.8 124.4 95.8 -8.8 -7 19.8 19 

5 6.6 111.8 9.8 84.0 110.0 98.5 1.8 2 13.3 13 

6 6.7 102.9 9.8 73.6 111.6 95.6 -8.7 -8 7.3 7 

7 6.8 101.6 7.4 86.0 107.4 93.8 -5.8 -6 7.8 8 

8 6.9 97.8 7.0 74.0 96.9 86.3 0.9 1 11.5 13 

9 6.1 120.7 14.7 90.6 129.1 101.0 -8.4 -7 19.7 18 

10 6.11 119.4 10.2 92.2 124.8 108.6 -5.4 -4 10.8 9 

11 6.12 111.8 16.6 58.8 116.1 92.9 -4.3 -4 18.9 18 

12 6.13 99.1 12.0 68.2 107.0 91.6 -7.9 -8 7.5 8 

13 6.14 102.9 9.6 75.5 113.3 99.6 -10.4 -10 3.2 3 

14 6.15 119.4 14.7 72.7 125.6 100.3 -6.2 -5 19.1 17 

15 6.16 118.1 22.0 60.7 128.7 98.8 -10.6 -9 19.4 18 

16 6.17 102.9 24.9 9.4 105.4 86.0 -2.5 -2 16.9 18 

17 6.18 104.1 6.5 88.2 111.0 99.8 -6.9 -6 4.3 4 

18 6.19 108.0 9.8 83.4 115.5 96.7 -7.6 -7 11.3 11 

19 6.2 110.5 8.3 87.2 110.1 100.2 0.4 0 10.3 10 

20 6.21 121.9 7.9 90.0 119.3 104.3 2.6 2 17.6 16 

21 6.22 113.0 8.5 87.8 113.7 99.1 -0.7 -1 13.9 13 

22 6.23 114.3 9.6 76.3 108.5 95.2 5.8 5 19.1 18 

23 6.24 108.0 13.1 40.4 99.0 86.6 9.0 9 21.4 22 

24 6.25 106.7 19.2 32.7 100.6 74.9 6.1 6 31.8 35 

25 6.26 94.0 7.1 70.1 91.4 83.6 2.6 3 10.3 12 

26 6.27 108.0 12.8 60.9 111.2 90.5 -3.3 -3 17.5 18 

27 6.28 102.9 14.7 79.0 124.0 99.0 -21.1 -19 3.9 4 

28 6.29 118.1 9.5 93.7 127.6 105.7 -9.5 -8 12.4 11 

29 6.3 109.2 8.5 84.0 115.8 104.6 -6.6 -6 4.6 4 

30 6.31 127.0 10.4 84.7 125.2 104.9 1.8 1 22.1 19 

31 6.32 114.3 7.1 93.6 118.9 101.0 -4.6 -4 13.3 12 

32 6.33 124.5 9.4 99.6 130.7 109.5 -6.2 -5 15.0 13 

33 6.34 116.8 11.9 76.0 130.6 107.0 -13.8 -11 9.9 9 

34 6.35 127.0 8.5 92.6 122.7 103.9 4.3 3 23.1 20 

35 6.36 120.7 13.4 97.0 130.7 111.6 -10.1 -8 9.1 8 

36 6.37 116.8 36.0 9.2 128.5 97.9 -11.7 -10 18.9 18 
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Figure 4- 38: Comparison between manual and ultrasonic sensor’s height measurements of different canola plots 

(with considering edge-effects) on July 31, 2019 

Correlation is statistical relationship between two quantitative variables. It has two types; 

positive and negative. If by increase of one variable, other one increases, the correlation value is 

positive number. When the values of one variable decrease, if the values of other variable increase, 

the correlation number is negative.  

The correlation coefficient is a value between 0 to + 1 or -1 to 0. Figure 4-39 shows the 

spectrum of the correlation coefficient (-1 to +1) [44]. In this study, positive correlation approach 

is used for comparing manual measurements with sensor’s data. The correlation coefficient of +1 

is indicating perfect strong relation and 0 is indicating no relationship between two variables. The 

correlation value (r) can be calculated from Pearson’s correlation coefficient formula as Eq.4-3 

[45]. 

 

Figure 4- 39: The spectrum of the correlation coefficient (-1 to +1) 
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(4-3) 

Where 𝑝𝑖 and 𝑞𝑖  are values of variables indexed with i, and n is number of values for each 

variable. Therefore, the correlation between manual height measurement data and the ultrasonic 

measurement (Max) was found to be 0.75. Moreover, the correlation between manual height 

measurement data and the ultrasonic measurement (Average) was 0.68. Figure 4-40 show scatter 

diagrams (including regression line) for height measurement comparison of different canola plots 

on July 31, 2019. Table 4-7 represents summary of correlation values between manual and 

ultrasonic measurements for wheat and canola fields on 2018 and 2019 data collections. 

Table 4- 7: Summary of correlation values between manual and ultrasonic measurements 

No. Field Date Stage Details 

Correlation 

manual and 

ultrasonic height 

measurement 

(Max) 

manual and 

ultrasonic height 

measurement 

(Average) 

1 Canola 
July 28, 

2018 

3rd Stage 

(End of flowering) 

With edge-effect 

22 Random plots 
0.54 0.61 

2 Canola 
July 31, 

2019 

3rd Stage 

(End of flowering) 

Without edge-effect 

1 row (6.1-6.38) 
0.75 0.65 

3 Canola 
July 31, 

2019 

3rd Stage 

(End of flowering) 

With edge-effect 

1 row (6.1-6.38) 
0.75 0.68 

4 Canola 
August 

15, 2019 

4th  Stage 

(Start of maturity) 

With edge-effect 

Entire field 
0.75 0.74 

5 Canola 
August 

28, 2019 

5th  Stage 

(End of maturity) 

With edge-effect 

4 rows (2.1- 7.38) 
0.63 0.73 

6 Wheat 
August 9, 

2018 

4th  Stage 

(Start of maturity) 

With edge-effect 

28 random plots 
-0.11 0.34 

7 Wheat 
August 

23, 2018 

5th  Stage 

(End of maturity) 

With edge-effect 

 28 random plots 
0.23 -0.13 

8 Wheat 
July 23, 

2019 

2nd  Stage 

(Start of flowering) 
Entire field 0.63 0.69 

9 Wheat 
August 

20, 2019 

4th  Stage 

(Start of maturity) 
Entire field 0.63 0.77 
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a) 

 
b) 

Figure 4- 40: Scatter diagrams (including regression line) between manual and a) average b) maximum 

ultrasonic height measurements of different canola plots on July 31, 2019. 
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It is mentionable that the approach that was used for data acquisition program of ultrasonic 

sensors are different on 2018 and 2019 (discussed in chapter 3). In 2019, an extra ultrasonic sensor 

was added to the center of mechanical boom to measure boom’s height continuously and it brings 

higher accuracy for height measurement. 

Moreover, considering about edge-effect brings stronger correlation coefficient between 

manual and ultrasonic measurements. In other words, using edge-effect approach decreases 

absolute error between ultrasonic and manual height measurements (comparing No. 2 and 3 of 

Table 4-7). 

From table 4-7, the correlation between ultrasonic and manual height measurements were 

very weak for wheat nurseries on 2018 data collections. For this reason, another model of 

ultrasonic sensor (Sick ultrasonic sensor-Model UM30-214113) was replaced in the data 

acquisition system for 2019 data collection. This sensor has less response time and is faster. 

Stronger correlation value was achieved between ultrasonic and manual height measurements 

(comparing No. 6-9 of Table 4-7). 

 

Figure 4- 41: The height of boom during collecting data from entire and part of the field on August 15, 2019 

(Measured by a separate ultrasonic sensor) 
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For measuring height of plots, several issues exist that they affect the accuracy of 

measurements. In parts of plots, especially after the second stage (Start of flowering), tiny branches 

can be found. These branches affected ultrasonic sensors’ operation. Although it has considered 

that the travelling path is flat. However, some ups and downs can be found on it, which affect 

ultrasonic sensors operation. Figure 4-41 illustrates the height of boom during the data collection 

from the studied field. These values were recorded by separate ultrasonic sensor (in the center of 

mechanical boom), continuously. Totally, as the developed HTPP is field-based and mobile, all 

these correlation and values are acceptable, and a few centimeters of difference is unescapable.  

4.7. Comparing manual and IRT measurements 

To verify the validity of HTPP in measuring crop’s temperature, their temperature were 

measured manually and compared. Two devices were used for manual temperature measurements, 

hand held thermometer and thermal camera (Figure 4-42).  

By using hand held thermometer sensor (IRTC40), temperature of plots were measured 

manually for both canola and wheat fields on 2018 (Figure 4-42.a). Several plots with different 

genotypes were selected randomly and their temperature were measured with this device from 4-

6 points.  

 
a) 

 
b) 

Figure 4- 42: Manual temperature measurement by portable a) hand held thermometer b) thermal camera 
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Table 4- 8: Comparison between manual (hand held thermometer) and IRT sensor temperature measurements of 

different canola plot (with considering edge-effects) on August 2, 2018 

R 
Plot 

number 

Manual Temperature Measurement Average 

of 

Manual 

Temp. 

IRT 

Temp. 

Diff= (Ave 

of Manual  

Temp)-(IR 

Temp) 

%Diff=
𝑫𝒊𝒇𝒇

(𝐀𝐯𝐞 𝐓𝐞𝐦𝐩+𝐈𝐑 𝐓𝐞𝐦𝐩)/𝟐
 Temp. 

1 (Co) 

Temp. 

2 (Co) 

Temp. 

3 (Co) 

Temp. 

4 (Co) 

Temp. 

5 (Co) 

Temp. 

6 (Co) 

1 21.5 27.5 29.8 32.8 29.1 30.0 N/A 29.8 35.9 -6.1 -19% 

2 21.6 30.3 28.4 30.8 31.0 N/A N/A 30.1 36.8 -6.7 -20% 

3 22.6 27.4 29.3 28.6 27.9 28.2 N/A 28.2 36.1 -7.8 -24% 

4 22.5 27.2 27.2 28.7 25.8 25.5 N/A 26.8 33.6 -6.7 -22% 

5 23.2 28.9 30.0 28.4 27.5 N/A N/A 28.7 35.5 -6.8 -21% 

6 23.7 34.1 34.2 27.0 25.8 N/A N/A 30.2 35.5 -5.2 -16% 

7 24.7 27.0 28.4 28.7 27.5 29.8 28.1 28.2 39.2 -11.0 -32% 

8 24.1 27.6 26.8 27.8 25.3 26.2 26.7 26.7 31.0 -4.3 -15% 

9 25.2 27.2 26.7 28.2 27.4 26.5 N/A 27.2 35.4 -8.2 -26% 

10 25.3 26.8 29.3 27.0 28.4 27.5 N/A 27.8 34.9 -7.1 -23% 

11 26.7 26.5 26.0 27.5 27.5 28.6 N/A 27.2 35.3 -8.1 -26% 

12 26.3 28.9 27.4 27.7 26.3 28.1 25.5 27.3 35.0 -7.7 -25% 

13 27.2 29.1 29.1 31.1 29.8 N/A N/A 29.7 34.9 -5.1 -16% 

14 27.7 29.3 30.5 30.6 28.4 26.2 N/A 29.0 35.8 -6.8 -21% 

15 28.5 27.2 28.1 26.8 26.3 28.4 27.5 27.3 34.4 -7.0 -23% 

16 28.2 28.2 27.5 N/A 25.0 26.2 26.0 26.5 33.7 -7.2 -24% 

17 29.2 26.8 25.8 28.7 28.4 27.2 27.7 27.4 33.1 -5.7 -19% 

18 29.7 25.8 25.6 25.8 25.8 25.6 N/A 25.7 29.8 -4.0 -15% 

19 30.7 25.5 23.9 25.8 26.3 26.2 N/A 25.5 30.2 -4.7 -17% 

20 30.3 30.8 29.1 31.1 28.6 26.7 30.6 29.4 36.2 -6.7 -20% 

21 31.2 28.1 30.0 29.1 29.1 30.8 28.9 29.3 35.5 -6.2 -19% 

22 31.6 28.2 27.0 27.0 29.8 27.4 26.3 27.6 30.5 -2.8 -10% 

23 32.6 26.2 26.7 N/A 25.8 26.2 N/A 26.2 30.1 -3.9 -14% 

24 32.3 26.0 29.1 27.4 26.5 26.5 N/A 27.1 32.4 -5.3 -18% 

25 33.1 27.0 27.4 28.4 27.5 26.7 29.0 27.6 30.2 -2.6 -9% 

26 33.2 28.1 29.4 28 27.9 28.5 27.0 28.1 31.0 -2.8 -10% 

27 33.5 26.7 27.7 26.7 29.1 30.0 27.5 27.9 31.2 -3.3 -11% 

28 34.6 26.8 28.2 26.8 25.0 25.6 N/A 26.4 32.7 -6.2 -21% 

29 34.2 26.3 25.6 N/A 26.5 27.9 27.5 26.7 30.3 -3.5 -13% 

30 35.3 25.8 26.5 26.2 26.7 N/A N/A 26.3 29.9 -3.6 -13% 

31 35.7 28.1 28.9 28.6 29.3 N/A N/A 28.7 33.5 -4.7 -15% 

32 36.5 27.0 26.8 26.7 26.5 25.3 25.7 26.3 33.5 -7.1 -24% 

33 36.2 28.1 26.7 27.0 25.8 26.5 N/A 26.8 31.5 -4.7 -16% 

34 37.1 26.3 26.0 26.8 25.8 N/A N/A 26.2 28.7 -2.5 -9% 

35 37.6 27.4 27.5 29.6 31.0 N/A N/A 28.8 33.2 -4.3 -14% 
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Figure 4- 43 Comparison between manual (hand held thermometer) and IR sensor temperature measurements of 

different canola plot (with considering edge-effects) on August 2, 2018: 

Table 4-8 shows an example for comparison between manual (hand held thermometer) and 

IRT temperature measurements for canola field on August 2, 2018. Figure 4-43 shows the bar 

graph of comparison between manual (hand held thermometer) and IRT temperature 

measurements of different canola plots. 

From table 4-8, it can be found that the maximum and minimum percent difference (% Diff) 

are -26% and -9%, respectively. The correlation between the manual temperature measurements 

(handheld thermometer) data and IR-thermometer sensor’s measurements was 0.66. Figure 4-44 

shows scatter diagram (including regression line) for temperature measurement comparison (hand 

held thermometer vs. IRT sensor) for different canola plots on August 2, 2018. 

A TIC (Thermal Imaging Camera) is a device that is able to record thermal images of crops, 

shown in Figure 4-42.b. A thermal image captures information on the temperature of different 

points, and then an operator can extract data from taken images, as illustrated in Figure 4-45. The 

model of thermal camera, which was used in 2019 growing season was FLIR C3. Fifty-two (52) 

plots were selected, randomly, for taking thermal image. In this part, comparison of the IRT sensor, 

and the manual measurements (using thermal camera) is provided. 
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Figure 4- 44: Scatter diagram (including regression line) between hand held thermometer and IRT sensor’s 

temperature measurements of different canola plots on August 2, 2018 

For extracting temperature values from thermal images, 6 almost random points (S1-S6) 

were selected for each image. As can be seen in Figure 4-45, S1-S5 were selected from the area of 

plots’ inside and S6 was selected from the soil, which is the gap between two plots. It was found 

that the temperature of soil always is higher than the crop’s temperature.  

  

Figure 4- 45: A sample thermal image from a plant and selected different points for reading temperature from 

thermal camera 
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For this comparison, average recorded values of these two sensors per plot were used. For a 

sample plot, average values of 5 points (S1-S5) from thermal camera picture was compared with 

average value of about 8-10 data points from IRT measurements. Table 4-9 shows comparison 

between the thermal camera and IRT sensor temperature measurements of several plots on July 

11, 2019. From this table, maximum and minimum percent difference (% Diff) are 20% and 0%, 

respectively. The correlation between the camera and the IRT sensor measurements was found to 

be 0.85. Figures 4-46 and 4-47 illustrate the bar graph of this comparison. 

 

Figure 4- 46: Comparison between the thermal image and IRT sensor temperature measurements of different 

random canola plots on July 11, 2019 

 

Figure 4- 47: Differences between the thermal image and IRT sensor temperature measurements of different random 

canola plots on July 11, 2019 
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Table 4- 9: Comparison between the thermal image and IR sensor temperature measurements of different random 

plots on July 11, 2019 

R 
Plot 

number 

Manual Temperature 

Measurement 
IRT Measurement 

Diff= 

(Ave of 

Manual  

Temp)-

(IR 

Temp) 

%Diff 

STD Min Max 
Aver

age 
STD Min Max Average 

1 2.1 0.1 19.7 20.0 19.8 1.1 18.9 21.5 20.4 -0.6 -3 

2 2.5 0.1 19.0 19.4 19.2 1.2 19.4 22.8 21.0 -1.8 -9 

3 2.15 0.5 19.9 21.1 20.6 0.6 21.0 22.6 21.6 -1.0 -5 

4 2.3 0.1 18.4 18.7 18.6 0.9 18.5 20.8 19.5 -0.9 -5 

5 2.38 0.3 19.5 20.1 19.9 0.4 19.6 21.1 20.2 -0.4 -2 

6 3.1 0.5 20.3 22.3 20.7 1.8 19.5 25.3 21.8 -1.1 -5 

7 3.19 1.2 20.1 23.1 21.4 1.7 20.4 25.3 22.0 -0.6 -3 

8 3.28 1.2 20.5 23.4 22.0 1.4 19.6 23.2 21.5 0.5 2 

9 3.38 1.3 19.9 23.0 21.3 0.9 19.7 22.2 20.6 0.7 3 

10 6.1 0.3 21.0 21.8 21.4 2.7 21.4 30.1 23.4 -2.0 -9 

11 6.13 0.3 22.8 23.3 23.1 3.3 23.6 32.1 26.7 -3.6 -14 

12 6.17 0.5 20.5 21.5 20.9 0.4 22.9 23.9 23.4 -2.5 -11 

13 6.24 0.4 21.8 22.6 22.3 2.1 22.8 28.5 25.5 -3.3 -14 

14 6.38 0.7 22.8 24.4 23.3 1.6 22.1 26.7 23.8 -0.4 -2 

15 7.1 0.8 23.5 25.5 24.4 2.1 23.8 30.3 25.4 -1.0 -4 

16 7.5 1.2 21.7 24.9 23.3 0.7 25.0 27.1 25.8 -2.5 -10 

17 7.22 1.9 19.9 24.1 21.8 2.5 21.2 28.0 23.6 -1.7 -8 

18 7.28 0.8 20.5 22.7 21.5 4.5 21.7 33.7 26.2 -4.6 -19 

19 10.1 0.9 25.8 27.8 27.1 2.6 25.6 33.5 27.8 -0.8 -3 

20 10.7 1.0 19.3 21.6 20.4 0.6 23.1 25.0 23.7 -3.3 -15 

21 10.2 0.5 20.7 22.0 21.4 1.8 24.0 29.8 26.1 -4.7 -20 

22 10.28 0.5 22.2 23.3 22.9 1.8 22.1 27.5 23.7 -0.8 -3 

23 10.38 0.3 24.1 24.8 24.4 1.0 23.5 26.3 24.5 -0.1 0 

24 11.1 1.5 24.0 28.2 25.7 4.2 25.3 37.2 28.1 -2.4 -9 

25 11.1 0.9 24.2 27.1 25.5 1.8 25.7 30.1 27.4 -1.9 -7 

26 11.18 0.8 24.4 26.9 25.8 3.1 26.0 34.7 28.1 -2.4 -9 

27 11.26 3.2 23.7 33.4 27.0 1.8 29.9 35.1 33.0 -6.0 -20 

28 11.38 1.7 23.1 28.0 25.0 2.3 24.0 28.9 25.4 -0.4 -2 

29 14.1 1.1 26.8 29.2 27.6 1.0 22.7 26.2 24.0 3.6 14 

30 14.9 0.3 26.2 26.9 26.5 0.7 22.5 24.3 23.6 3.0 12 

31 14.17 0.4 22.2 23.1 22.6 1.9 21.3 27.1 23.3 -0.7 -3 

32 14.38 0.6 20.7 22.1 21.3 1.4 18.8 22.6 20.1 1.2 6 

33 15.1 1.7 24.7 27.9 26.4 4.8 23.5 37.0 27.4 -0.9 -3 

34 15.9 1.0 25.5 27.7 26.3 2.6 21.5 28.5 24.3 2.0 8 

35 15.16 0.5 24.3 25.3 24.6 1.0 21.5 24.7 22.5 2.1 9 



117 

36 15.22 0.4 24.3 25.3 24.9 1.2 21.8 25.1 23.3 1.6 6 

37 15.38 0.2 22.9 23.4 23.2 1.6 19.4 22.6 20.8 2.4 11 

38 16.1 1.6 21.6 25.9 23.3 7.9 22.0 40.8 28.6 -5.3 -20 

39 16.6 2.8 21.5 27.1 24.3 1.9 22.1 26.4 24.1 0.2 1 

40 16.19 1.8 23.6 28.1 25.7 1.1 23.5 27.1 24.8 0.9 3 

41 16.29 1.6 23.0 27.1 25.2 2.0 24.5 30.1 25.7 -0.4 -2 

42 16.38 1.3 22.9 25.8 24.3 0.4 23.5 24.4 24.0 0.4 2 

43 18.1 6.1 26.3 39.6 32.2 1.4 32.1 36.4 33.5 -1.4 -4 

44 18.7 0.7 24.9 26.5 25.8 0.5 23.4 24.7 24.1 1.8 7 

45 18.16 1.0 25.0 27.3 25.9 1.6 22.9 27.0 24.8 1.0 4 

46 18.28 0.3 22.8 23.4 23.0 1.0 22.2 24.7 23.2 -0.2 -1 

47 18.37 0.5 23.2 24.3 23.8 0.5 23.3 24.6 23.9 -0.1 0 

48 19.1 4.6 26.9 40.3 34.8 2.5 33.2 40.1 37.1 -2.3 -6 

49 19.1 0.7 24.1 26.0 25.0 0.7 24.6 26.6 25.4 -0.3 -1 

50 19.15 0.8 24.6 26.8 25.6 1.2 25.4 28.7 26.3 -0.7 -3 

51 19.33 1.1 23.5 26.7 24.6 3.4 23.9 31.1 27.3 -2.7 -10 

52 19.38 3.1 31.9 40.4 36.0 1.4 37.9 41.4 39.2 -3.2 -9 
 

 

 

Figure 4- 48: Scatter diagram (including regression line) between TIC and IRT sensor’s temperature measurements 

of different canola plots on July 11, 2019 
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Table 4- 10: Summary of correlation values between manual (hand held thermometer and thermal camera) and IRT 

measurements 

 

Figure 4-48 shows scatter diagram (including regression line) for temperature measurement 

comparison (TIC vs. IRT sensor) of different canola plots on July 11, 2019. The correlation value 

for 2019 growing season (0.85) is stronger. As discussed, for 2018 data collection, the correlation 

coefficient between the manual temperature measurements (handheld thermometer) data and IR-

thermometer sensor’s measurements was about 0.66. Table 4-11 represents summary of correlation 

values between manual (hand held thermometer and thermal camera) and IRT measurements for 

wheat and canola fields on 2018 and 2019 data collections on different days. All these correlation 

values are acceptable and strong enough to conclude that the developed field-based and mobile 

HTPP is working reliably and accurately. 

4.8. Comparing weather stations (HTPP vs. Local) 

In this section the validity of weather station probe’s operation for measuring ambient 

temperature and humidity are discussed. For this reason, the results of comparing operation of 

HTPP’s weather station (HMP60) (Figure 4-49) with local weather station (Figure 4-50), which 

was in the side of data collection, are provided. Table 4-11, represents comparison between local 

and HTPP’s weather station measurements for canola field on July 18, 2018. Tc and Hc are 

representing related values to the local weather station’s temperature and humidity records. Tp and 

Hp are representing related values to the HTPP weather station’s temperature and humidity 

measurements. Figures 4-51 and 4-52 compares local and HTPP’s weather station’s operations 

(temperature and humidity measurements). 

No. Field Date Stage Details 
Manual 

measurement device 

Manual and IRT 

measurement 

1 Canola 
August 2, 

2018 

4th   Stage 

(Start of maturity) 

With edge-effect 

35 Random plots 

Hand held 

thermometer 
0.66 

2 Canola 
July 11, 

2019 

2nd  Stage 

(Start of flowering) 

With edge-effect 

52 Random plots 
Thermal camera 0.85 

3 Wheat 
August 9, 

2018 

4th  Stage 

(Start of maturity) 

Without edge-effect 

40 random plots 

Hand held 

thermometer 
0.6 

4 Wheat 
August 1, 

2019 

3rd Stage 

(End of flowering) 

Without edge-effect 

28 random plots 
Thermal camera 0.52 
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Figure 4- 49: HTPP's weather station for canola data 

collections 

 

Figure 4- 50: local weather station in the side on 2018 

data collections 

It can be found that the maximum and minimum percent difference (%Diff) for temperature 

measurements are -21% and 0%, respectively. In addition, maximum and minimum %Diff for 

humidity measurements are 54% and 2%, respectively.  

Table 4- 11: Comparison between local and HTPP's weather station measurements during different times on July 

18, 2018 

R 
Time 

Local weather station HTPPs’ weather station 
DiffT=

Tc-Tp 

DiffH=

Hc- Hp 

%DiffT=
𝑫𝒊𝒇𝒇𝑻

(𝑻𝒄+𝑻𝒑)/𝟐
 

%DiffH=
𝑫𝒊𝒇𝒇𝑯

(𝑯𝒄+𝑯𝒑)/𝟐
 

Temperature 

(Tc) 

Humidity 

(Hc) 

Temperature 

(Tp) 

Humidity 

(Hp) 

1 7/18/2018 11:00 27.0 61.4 24.9 64.2 2.0 -2.8 8% -5% 

2 7/18/2018 12:32 26.6 64.2 32.9 36.5 -6.3 27.6 -21% 54% 

3 7/18/2018 13:00 26.3 61.7 31.7 40.2 -5.4 21.4 -19% 42% 

4 7/18/2018 15:30 26.6 64.8 30.2 46.7 -3.6 18.0 -13% 32% 

5 7/18/2018 16:30 25.2 64.2 28.9 54.8 -3.7 9.3 -14% 16% 

6 8/02/2018 11:30 25.3 54.8 26.5 47.7 -1.2 7.0 -5% 14% 

7 8/02/2018 12:00 26.3 53.0 28.1 48.4 -1.8 4.5 -7% 9% 

8 8/02/2018 12:30 27.1 52.3 29.4 45.1 -2.3 7.1 -8% 15% 

9 8/02/2018 15:30 29.1 42.5 29.3 39.8 -0.2 2.6 -1% 6% 

10 8/02/2018 16:00 29.4 42.9 29.4 40.0 -0.0 2.8 0% 7% 

11 8/14/2018 11:30 21.6 39.1 20.8 41.0 0.8 -1.9 4% -5% 

12 8/14/2018 12:30 23.5 35.6 23.4 34.7 0.0 0.8 0% 2% 

13 8/14/2018 15:00 26.8 28.4 26.2 27.1 0.5 1.2 2% 4% 

14 8/14/2018 16:30 27.8 26.5 27.0 25.2 0.7 1.2 3% 5% 
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Figure 4- 51: Comparison between local and HTPP's weather station measurements for temperature during 

different times on July 18, 2018 

 

 

Figure 4- 52: Comparison between local and HTPP's weather station measurements for humidity during different 

times on July 18, 2018 

The correlation coefficients for Table 4-11 was calculated from Eq. 4-3. The correlation 

between Tc and Tp values was found to be 0.63, and between Hc and Hp values was 0.73. Figure 4-

53 and 4-54 show scatter diagram (including regression line) for ambient temperature and humidity 

comparison on July 18, 2018. These correlation values are strong enough to conclude that selected, 

wired and programmed ambient temperature and humidity probe is working reliably on the outdoor 

configurations. 
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Figure 4- 53: Scatter diagram (including regression line) between temperature records of local and HTPP’s 

weather station on July 18, 2018 

 

Figure 4- 54:  Scatter diagram (including regression line) between humidity records of local and HTPP’s weather 

station on July 18, 2018 



122 

4.9. Comparing Crop Circle and multispectral camera  

In this section, the operation of NDVI measurement devices is compared. As mentioned in 

section 2.4, two different devices, Crop Circle (Holland Scientific ACS-430) and multispectral 

camera (msCAM CMV4000), were used for NDVI measurement.  

Crop Circle measures and records NDVI values by using of a data acquisition program. The 

sensor’s output is digital and shows vegetation index values as string. 

Data acquisition program prepares phenotypic database and one of its item is NDVI value 

of plants in canopy. This program records four sample points per second. Since, vehicle’s speed 

was set to 1.6 mph, NDVI values of about 8-10 data points were recorded for each plot. Table 4-

12 provides NDVI values of a random canola plot (#14.30) on July 31, 2019. 

 

Table 4- 12: Sorted NDVI data for plot #14.30 on July 31, 2019 (End of flowering status) 

Record 

NDVI value 

Without Edge Effect 
With Edge Effect  

(10 cm eliminated from each side) 

1 0.789 N/A 

2 0.802 0.802 

3 0.781 0.781 

4 0.797 0.797 

5 0.774 0.774 

6 0.804 0.804 

7 0.784 0.784 

8 0.799 0.799 

9 0.796 0.796 

10 0.784 N/A 

Min 0.774 0.774 

Max 0.804 0.804 

Average 0.791 0.792 

STD 0.010 0.011 
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To utilize multispectral camera, two different programs were developed, which are 

multispectral image acquisition for autonomous image capturing and post-processing for 

extracting NDVI information from captured images. 

Multispectral image acquisition program captures pictures of a crop within specific 

wavelengths. This program records two sample points per second and as a result, about 2-4 

multispectral images were captured for each plot. To extract NDVI information, post-processing 

program was utilized. Figure 4-55, illustrates extracted NDVI information for a canola plot (#14.30) 

on July 31, 2019. 

For both measuring devices, the amount of standard derivation between records is very small 

and reasonable. Multispectral camera monitors wider area (as discussed in section 2.4) and NDVI 

information of crops was effected by soil’s NDVI values in some parts of the image. Therefore, 

minimum and average pixel values of NDVI image is lower than Crop Circle records. By this 

reason, for comparing operation of two devices within 0 to 1 range, their maximum records are 

compared. Percent difference (%Diff) for plot #14.30, can be calculated as: 

% 𝐷𝑖𝑓𝑓 =
𝑁𝐷𝑉𝐼𝐶𝑟𝑜𝑝 𝐶𝑖𝑟𝑐𝑙𝑒 − 𝑁𝐷𝑉𝐼𝑀𝑢𝑙𝑡𝑖𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙

(𝑁𝐷𝑉𝐼𝐶𝑟𝑜𝑝 𝐶𝑖𝑟𝑐𝑙𝑒 + 𝑁𝐷𝑉𝐼𝑀𝑢𝑙𝑡𝑖𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙)
2

⁄
× 100 =

0.804 − 0.799

(0.804 + 0.799)
2⁄

× 100 = 0.62% (4-4) 

This %Diff value is very reasonable. Table 4-13 provides more example of monitored canola 

plots in the growing season of 2019. All %Diff values are acceptable and the correlation value 

between Crop Circle and multispectral camera is 0.94. This value is excellent and indicates the 

validity of HTPP in the NDVI measurement.  

Defining the superiority of these two sensors depends on breeders and plant scientist’ 

demands. Each method of NDVI measurement has pros and cons, which are listed in table 4-14. 

Totally, multispectral image gives more and detail information about NDVI of crops. However, 

many challenges such as multispectral camera’s calibration and its sensitivity to ambient light exist. 

For example, during the data collection, clouds may cover sun and this will affect calibration of 

multispectral camera and quality of captured images.  
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

Figure 4- 55: Extracted NDVI information via multispectral image's post processing program for canola plot 

#14.30 on July 31, 2019 a) NDVI values within two ranges b) histogram of NDVI pixels c) gray NDVI image d) 

color NDVI image e)detailed information of NDVI image 
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Table 4- 13: Comparison between Crop Circle and Multispectral camera’s NDVI measurements of different canola 

plot on 2019 

R Date 
Plot 

Number 

Measured NDVI 
%Diff 

Crop Circle Sensor Multispectral Camera 

1 2019.6.26 # 2.9 0.672 0.574 15.7 

2 2019.6.26 # 11.15 0.581 0.577 0.7 

3 2019.7.11 # 6.22 0.783 0.807 -3.0 

4 2019.7.11 # 18.7 0.794 0.792 0.3 

5 2019.7.31 # 14.30 0.792 0.799 -0.9 

6 2019.7.31 # 3.6 0.770 0.764 0.8 

7 2019.8.28 # 10.33 0.702 0.691 1.6 

8 2019.8.28 # 15.10 0.708 0.718 -1.4 

 

Table 4- 14: Advantages and disadvantages of NDVI measurement devices 

Device Advantages Disadvantages 

Crop Circle 

Sensor 

 Insensitive to ambient light. 

 No necessity for calibration 

before data collection. 

 Less response time and fast 

device. 

 Preparing just NDVI value of each 

record. This value can be effected 

by the area that is not target such 

as soil part. 

 Calculating NDVI values within 

just 0 to 1 range. 

Multispectral 

Camera 

 Preparing more detailed and 

specific information about NDVI 

of plants in canopy such as 

histogram of pixels, NDVI image 

(gray and color). 

 Selecting target points of captured 

multispectral image and reading 

related NDVI values (Figure 4-

55.e). 

 Calculating NDVI values within 

two ranges (0 to 1 and -1 to 1). 

 Ability to extract other vegetation 

index like NDYI (Normalized 

Difference Yellow Index), which 

prepares valuable information for 

flowering status of growth. 

 Should be calibrated before each 

data collection. 

 Sensitive to ambient light. 

 Slower device. 
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4.10. Summary 

This chapter provided the experimental results. In other words, collected data from nurseries 

were studied and analyzed. Several field tests were accomplished during the growing seasons of 

2018 and 2019 from wheat and canola fields. The variation of canopy plots with different 

genotypes were analyzed and compared. Their variation in their height, temperature and NDVI 

was explored with other detailed information about them (high quality RGB image, ambient 

temperature and humidity). Developed software package and assembled hardware part (sensors, 

cameras, GPS receiver, mechanical boom, etc.) were evaluated. The accuracy and reliability of 

both hardware development and installation, and software operation were proven in different 

sections. The results of comparing manual measurements with sensor’s operation were discussed 

in details. Moreover, extracted NDVI information of canopy plots using Crop Circle and 

multispectral camera, and developed programs were compared. Next chapter provides conclusion 

and potential future works of this research. 
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CHAPTER 5- Conclusions and future works 

5.1. Conclusions 

To find the correlation between genotypes and phenotypes, proper High-Throughput 

Phenotyping Platform plays a significant role to decrease data collection time and costs in 

phenotyping research. Informative data about crop’s traits such as their height, temperature, 

ambient temperature and humidity, plant’s vegetation index (such as NDVI), RGB and 

multispectral images of crops prepare valuable information for breeders and other crop scientists. 

Further analysis of these datasets prepares useful information such as relation between genotype 

and phenotype, enhancing yield, identifying stronger genes, and improving global food security. 

After completing comprehensive literature review about plant phenotyping and existing 

platform, their strength and weakness were figured out. Potential possible improvements and new 

parts for existing HTPP was proposed.  

New electrical devices were selected, purchased and retro fitted to the HTPP system. They 

utilized on the existing HTPP to measure and collect other features of canopies. All new parts were 

tested in the laboratory conditions at the Robotics Laboratory of University of Saskatchewan. 

Moreover, a 6-feet Tractor and Swather were equipped with mechanical booms and data collection 

equipment. All sensors and devices were wired and connected to their power supplies and their 

control center (Data Logger and laptop). Altogether, the utilized electrical devices for data 

collection can be listed as: 

 Five ultrasonic sensors for height measurement. 

 Two inferred thermometers for temperature measurements. 

 Two Crop Circle sensors for measuring NDVI. 

 A weather station probe for measuring ambient temperature and humidity. 

 Two high quality cameras to take RGB images of crops. 

 Two multispectral cameras to capture images of plants within specific wavelengths. 

 A GPS system for geo-tagging collected data and images. 

 A Data Logger as a control unit to save collected sensor’s data. 

 A laptop computer as a control unit to save captured images. 
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After wiring and assembling hardware part of HTPP, user-friendly and mostly automated 

programs were developed for different purposes. Software package is customized and developed 

programs can be listed as: 

 A mapping program for generating the map of field with the GPS information of each plot. 

 A data acquisition program for collecting sensors’ data and tagging them with the related 

geospatial information (longitude and latitude). 

 An image acquisition program for capturing (RGB and multispectral) images of crops and 

tagging them with their GPS information.  

 A post-processing program for extracting NDVI information of plants from multispectral 

image. 

 A data visualization program for loading the map of field and loading all collected data and 

images 

 A sorting program for arranging collected data and images in the Excel sheets and related 

folders. 

To validate the effectiveness and reliability of the developed HTPP with new parts and 

programs, different types of nurseries such as canola and wheat, with different numbers of plots 

(mega, large and medium size) were studied during their growth seasons in 2018 and 2019. Using 

our platform, a valuable phenotypic database that consists of different genotypes and phenotypes 

was created that can be analyzed by breeders. 

Several verification tests were conducted to verify accuracy and reliability of our HTPP in 

the field condition. The variation of crop’s traits can be studied during the growing season and 

plant’s characteristics can be compared with each other to find strong genotype and increase yield 

amount.  

5.2. Future works 

More research should be conducted to improve existing HTPP. Following are some 

suggestion as potential future works: 

1. Changing the structure of utilized mechanical boom or utilizing new model and collecting 

data in the next growing season (2020). Recently, mechanical team of Robotics Laboratory 

of University of Saskatchewan are working on developing a lightweight long-reach 5-DOF 
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(Degree of Freedom) robot arm, as can be seen in Figure 5-1 [46]. This manipulator is going 

to replace existing mechanical boom and data collection equipment will be attached to it. 

The utilization of this manipulator has several advantages such as its long reach 

features(about 3 meter), its ability to collect data (especially taking pictures) from different 

angles, it can be adapted for the various plot dimensions quickly, and active vibration control 

of it for higher data collection accuracy.  

 

a) 

 

b) 

Figure 5- 1: Schematic of a) 5-DOF robot arm b) mounted manipulator to the vehicle 

2. Further analysis of collected data and images. For example, MATLAB toolboxes such as 

image processing, deep learning, statistics and machine learning toolboxes and so on can be 

used to prepare more valuable information. For example, image processing toolbox can be 

utilized to detect and eliminate shade of mechanical boom from some pictures (Figure 5-2). 

Also, by use of this toolbox, flowers of canopy can be detected and counted in flowering 

stage of growth. 

 

Figure 5- 2: Examples of captured RGB images that were affected with mechanical boom's shade 
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3. Analyzing ambient conditions (light, temperature, etc.) effects on sensor’s operation and the 

quality of images (RGB and multispectral). In this way, proper time of data collection can 

be found and sensors which are very sensitive can be replaced. For example, solar simulator 

can be used to generate artificial sunlight that has characteristics of sunlight. Therefore, 

ambient light variations and its effects can be controlled.  

4. Adding more sensors and devices to the existing HTPP to measure other features of crops. 

Moreover, existing sensors can be replaced with new models. For example, LiDAR sensor 

can be utilized for height measurement to find which sensor is giving more accurate 

information. Recently, Robotics Laboratory of University of Saskatchewan has developed a 

program (written in the MATLAB) for data collection purpose for a LIDAR (LMS111) 

sensor. The results of height measurement devices can be compared to find reliable 

measurement device. 

5. Using other programing languages like Python to increase the speed of data collection and 

processing time. Furthermore, Raspberry Pi can be added to the HTPP as an extra control 

unit to execute developed image acquisition programs. Devices like RGB and multispectral 

cameras have different image acquisition programs and only one program can be executed 

during each run of data collection and this issue increases data collection time. To solve this 

problem, a new sparse network is proposed, where a central computer manipulates multiple 

Raspberry Pis. Ideally, each Raspberry Pi executes specific program and controls one or 

multiple devices. 

6. Utilizing the developed HTPP in other types of nurseries such as lentil and bean. It is better 

to analyze and verify the operation of developed HTPP on other fields that has different types 

of canopies, where dimensions of plots are different.  
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APENDIX A- Datasheets of utilized equipment 

Refer to chapter two different devices were selected as hardware part of developed field-

based HTPP. This section provides the datasheet and technical information of utilized devices, 

which are Honeywell and Sick ultrasonic distance sensor, Apogee IR Thermometer, Visala 

temperature and humidity probe, Crop Circle sensor and Campbell Scientific Data Logger. 

A1- Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 

[26] 

This sensor has 250ms response time and uses 180 kHz carrier frequency. Moreover, it 

operates properly in the outdoor configuration for measuring height of crops. This sensor’s 

detection range is between 0.2 to 20 meter and its temperature range is between -15 to 70 ℃. Its 

supply voltage is 15 to 30 DC volt and its output is current where the range is 4-20 mA. Two 12 

volt battery are used for powering up of this sensor. These two batteries together can generate 24 

DC volt. 

 

Figure A- 1: Technical information of Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 



136 

 

Figure A- 2: Detection range of Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 

 

Figure A- 3: Dimensions of Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 

 

Figure A- 4: Wiring of Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 
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Figure A- 5: Tech in procedure of Honeywell Ultrasonic Distance Sensor (943-F4Y-2D-1D0-180E) 
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A2- Sick Ultrasonic Sensor (UM30-21_113)[27] 

 

Figure A- 6: Dimensions of Sick Ultrasonic Sensor (UM30-21_113) 

 

 
 

 
Figure A- 7: Connection type and diagram of Sick Ultrasonic Sensor (UM30-21_113) 
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Figure A- 8: Detailed technical information for Sick Ultrasonic Sensor (UM30-21_113) 
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Figure A- 9: Detection area of Sick Ultrasonic Sensor (UM30-21_113) 

A3- Apogee SI-131 IR Thermometer[28] 

 

Figure A- 10: Dimensions of Apogee SI-131 IR Thermometer 
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Figure A- 11: Apogee IRT sensor (model: SI-131) wiring diagram  

 

 

Figure A- 12: Spectral response of Apogee SI-131 IR Thermometer 
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Figure A- 13: Detailed technical information for Apogee SI-131 IR Thermometer 

A4- Visala HMP60 Temperature and Relative Humidity Probe[29] 

 

Figure A- 14: Exploded view of HMP60 Temperature and Relative Humidity Probe 



143 

 

Figure A- 15: Dimensions of HMP60 Temperature and Relative Humidity Probe 

 

Figure A- 16: Detailed technical information of HMP60 Temperature and Relative Humidity Probe 
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Figure A- 17: Wiring of HMP60 Temperature and Relative Humidity Probe 

A5- Crop Circle Sensor ACS-430 [31] 

 

Figure A- 18: Technical information for Crop Circle Sensor ACS-430 
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A6- Campbell Scientific CR3000 Data Logger [39] 

 

 

Figure A- 19: Schematic of grounds for Campbell Scientific CR3000 Data Logger 



146 

 

Figure A- 20: Analog sensor wired to single-ended channel 

 

Figure A- 21: Analog sensor wired to differential channel 

 

 

Figure A- 22: Use of digital I/O and RS-232 when reading RS-232 devices 
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Figure A- 23: Pinouts diagram for Campbell Scientific CR3000 Data Logger 
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APPENDIX B- The source code to find correlation of a point 2 

according to the latitude and longitude of point 1  

This code is provided to calculate geospatial information of point 2 based on the point 1’s 

information (Figure B-1). 

Note: lat1d is the latitude at point 1, long1d is the longitude at point 1, d is the distance (meter) 

between two points 1 and 2 and thd is the angle (degrees) in respect to the North Pole. 

 

function [lat2,long2]=Boom(lat1d,long1d,d,thd) 
format longG 
  
R=6371000; 
  
thr=deg2rad(thd); 
lat1r=deg2rad(lat1d); 
long1r=deg2rad(long1d); 
  
lat22=asin(sin(lat1r)*cos(d/R)+cos(lat1r)*sin(d/R)*cos(thr)); 
long22=long1r+atan2(sin(thr)*sin(d/R)*cos(lat1r),cos(d/R)-sin(lat1r)*sin(lat22)); 
  
lat2=rad2deg(lat22); 
long2=rad2deg(long22); 
  
end 

 

 
Figure B- 1: Distances between two points on spherical coordinates  
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APPENDIX C- Manuals for the developed programs 

In this section the manual of developed programs are provided. Since there are proprietorship 

information on this section, details of manual are available by contacting my supervisor (Professor. 

Fotouhi). 

C1- Manual for the using mapping module of Pheno-VISDM3 

C2- Manual for the using Data Logger 

C3- Manual for the using data visualization program-Version 2018 

C4- Manual for the using data visualization program-Version 2019 

C5- Manual for the using data and image sorting of Pheno-VISDM3  
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APPENDIX D- The location of studied nurseries 

In this section the location of studied nurseries, which are extracted from Google Maps are 

prepared. 

 

Figure D- 1: Location of studied canola field on 2018 data collections (Photo extracted from Google Map) 

 

Figure D- 2: Location of studied canola field on 2019 data collections (Photo extracted from Google Map) 
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Figure D- 3: Location of studied wheat fields on 2018 and 2019 data collections (Photo extracted from Google 

Map) 
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APPENDIX E- Summary of conducted field trials 

The field trials for 2018 and 2019 canola and wheat nurseries is summarized in this section. 

E1- Preparation and test dates for the studied canola field on 2018  

Table E- 1: List of conducted field trials during 2018 growing season on canola field 

Date Tasks 

May 11, 2018 - The second generation of the mechanical boom was assembled. 

- Electrical system including sensors and Data Logger were wired. 

May 14, 2018 - Required GPS data for mapping test field (252 plots) was collected. 

- All sensors and webcams has tested to see if they are working properly. 

June 5, 2018 - A test data collection was conducted to the test field. 

June 8, 2018 - Required GPS data for field mapping (around 3000 plots) was collected. 

June19, 2018 
- 1st data collection (Seeding Status) was conducted. 

- Canopy NDVI and temperature were target traits. 

- RGB images (PNG format and 1280*720 resolution) were captured from whole of field.  

June27, 2018 - The mechanical team conducted vibration tests to find natural frequency & vibration 

response of the 2nd generation boom. 

June29, 2018 

- 2nd data collection (Flowering Status) was conducted. 

- Canopy NDVI and temperature were target traits. 

- RGB images (PNG format and 1280*720 resolution) were captured from whole of field. 

Visible signs were used to validate the geo-referencing. 

July 16, 2018 
- The weather station and new ultrasonic sensor were wired and Data Logger was 

programmed. 

- Logitech BRIO webcams were tested with different formats and resolutions. 

July 18, 2018 

- Ultrasonic sensors were calibrated. 

- 3rd data collection (End of Flowering) was conducted. 

- Canopy height, NDVI and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, 

height of boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field 

by Logitech BRIO webcam. Visible signs were used to validate the geo-referencing. 

August 2, 2018 

- Ultrasonic sensors were calibrated. 

- 4th data collection (Before Maturity) was conducted. 

- Canopy height, NDVI and temperature were target traits. . 

- Ambient temperature and humidity were collected during data collection. In addition, 

height of boom was recorded during data collection by using ultrasonic sensor.   

August 14, 2018 

- Ultrasonic sensors were calibrated. 

- 5th data collection (Before Harvest) was conducted. 

- Canopy height, NDVI and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, 

height of boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (JPG and PNG format and 1920*1080 resolution) were captured from part of 

field by Logitech BRIO webcam. Visible signs were used to validate the geo-referencing. 

September 25, 

2018 
- Changing broken turnbuckles of 2nd generation boom. 

- Testing LiDar (Light Detection and Ranging) on one of Cargill’s fields in the Aberdeen. 
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E2- Preparation and test dates for the studied canola field on 2019  

Table E- 2: List of conducted field trials during 2019 growing season on canola field 

Date Tasks 

June 19, 2019 

- The second-generation boom was assembled. 

- Electrical system, including sensors and Data Logger, were wired. All sensors, cameras 

were tested to see if they are working correctly. 

- Required GPS data for mapping this year’s field was collected. 

June 27, 2019 

- 1st data collection (Seeding Status) was conducted with the speed of 1.6 mph. 

- Canopy NDVI and temperature were target traits. 

- Ambient temperature and humidity were collected during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from the whole of the 

field by webcam.  

- Multispectral images and LiDAR data were collected for the entire field. 

July 11, 2019 

- 2nd data collection (Flowering Status) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI and temperature were target traits. 

- Ambient temperature and humidity were collected during data collection. In addition, the 

height of the boom was recorded during data collection by using the ultrasonic sensor. 

- RGB images (JPG format and 1920*1080 resolution) were captured from the whole of the 

field by webcam.  

- Multispectral images and LiDAR data were collected for the entire field. 

July 31, 2019 

- Data Logger was programmed with the new program, which doesn’t need any calibration 

for ultrasonic sensors. 

- Thermal picture of crops were taken. Also, for the one row, the height of crops were 

measured manually. 

- 3rd data collection (End of Flowering) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI, and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, the 

height of the boom was recorded during data collection by using the ultrasonic sensor.   

- RGB images (JPG format and 1920*1080 resolution) were captured from the whole of the 

field by webcam.  

- Multispectral images and LiDAR data were collected for the entire field. 

August 15, 2019 

- Thermal picture of crops were taken. Also, for the entire field, the height of crops were 

measured manually. 

- 4th data collection (Before Maturity) was conducted with two speeds: 1.6 and 3.2 mph. 

- Canopy height, NDVI, and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, the 

height of the boom was recorded during data collection by using the ultrasonic sensor.  

- RGB images (JPG format and 1920*1080 resolution) were captured from the whole of the 

field by webcam.  

- Multispectral images and LiDAR data were collected for the entire field. 

August 28, 2019 

- Thermal images of crops were taken and their height (for 4 row) were recorded manually. 

- 5th data collection (Before Maturity) was conducted with different speeds: 1.6, 1.8, 2.4, 

2.8 and 3.2 mph. 

- Canopy height, NDVI, and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, the 

height of the boom was recorded during data collection by using the ultrasonic sensor.  

- RGB images (JPG format and 1920*1080 resolution) were captured. 

- Multispectral images and LiDAR data were collected for the entire field. 

- The second-generation boom and electrical system were deassembled. 
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E3- Preparation and test dates for the studied wheat field on 2018  

Table E- 3: List of conducted field trials during 2018 growing season on wheat field 

Date Tasks 

June 21, 2018 - The second generation of the mechanical boom was assembled and attached to the wheat 

phenotyping platform. 

June 27-28, 2018 - Electrical system including sensors and Data Logger were wired. 

July 4, 2018 - Electrical system was wired and the boom was stabilized in order for secure transport. 

July 9, 2018 - A path through the field on the GPS display in order for auto-steering to work was generated. 

July 6, 2018 - Required GPS data for field mapping was collected. 

- All sensors and webcams has tested via programs to see if they are working properly. 

July 13, 2018 

- Ultrasonic sensors were calibrated. 

- 2nd data collection (Flowering Status) was conducted. 

- Canopy’s height and temperature were target traits. 

- Ambient temperature and humidity were collected during data collection. In addition, height of 

boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (PNG and JPG format with 1280*720 resolution) were captured from whole of field 

by webcams (High and low quality). Visible signs were used to validate the geo-referencing. 

July 26, 2018 

- Ultrasonic sensors were calibrated. 

- 3rd data collection (End of Flowering) was conducted. 

- Canopy height, NDVI and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, height of 

boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by high 

quality webcam in two modes: normal and maximum height of the boom. Also, Visible signs 

were used to validate the geo-referencing.  

August 9, 2018 

- Ultrasonic sensors were calibrated. 

- 4th data collection (Before Maturity) was conducted. 

- Canopy height, NDVI and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, height of 

boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by high 

quality webcam in two modes: normal height of the boom and mounting bracket. Also, Visible 

signs were used to validate the geo-referencing. 

- Some Canopy’s temperature have measured by hand held thermometer. 

- Random crops’ height has measured by tape measurement. 

August 23, 2018 

- Ultrasonic sensors were calibrated. 

- 5th data collection (Before Harvest) was conducted. 

- Canopy height, NDVI and temperature were target traits.  

- Ambient temperature and humidity were collected during data collection. In addition, height of 

boom was recorded during data collection by using ultrasonic sensor.   

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by high 

quality webcam. Also, Visible signs were used to validate the geo-referencing. 

- Canon camera was tested for part of field. Multispectral camera was tested just for one row. 

September 21, 

2018 - Canon camera was tested for whole of field. LiDar Sensor was tested for one row. 

September 29, 

2018 - LiDar Sensor was tested for whole of field. Multispectral camera was tested for whole of field. 
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E4- Preparation and test dates for the studied wheat field on 2019  

Table E- 4: List of conducted field trials during 2019 growing season on wheat field 

Date Tasks 

June 30, 2019 - Electrical system including sensors and Data Logger were wired. 

- All sensors and devices were tested to see if they are working properly. 

July 4, 2019 

- Required GPS data for mapping this year’s field was collected. 

- Visible signs were used to validate the geo-referencing. 

- Ultrasonic sensors were calibrated. 

- 1st data collection (Seeding Status) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI and temperature were target traits. Ambient temperature/humidity and 

the height of the boom were recorded during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by 

webcams in two modes: normal height of the boom and mounting bracket.  

- Multispectral images and LiDAR data were collected for the entire field. 

July 10, 2019 - New ultrasonic sensors (Sick ultrasonic sensor) were wired.  

- Required GPS data for mapping this year’s field was collected. 

July 13, 2019 - Data Logger was programmed with new data acquisition program.  

- GPS system was calibrated. 

July 23, 2019 

- Required GPS data for mapping this year’s field was collected. 

- 2nd data collection (Flowering Status) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI and temperature were target traits. Ambient temperature/humidity and 

the height of the boom were recorded during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by 

webcams in two modes: normal height of the boom and mounting bracket.  

- Multispectral images and LiDAR data were collected for the entire field. 

- Canopy’s height has measured by measure stick. 

August 1, 2019 

- 3rd data collection (End of Flowering) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI and temperature were target traits. Ambient temperature/humidity and 

the height of the boom were recorded during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by 

webcams in two modes: normal height of the boom and mounting bracket.  

- Multispectral images and LiDAR data were collected. 

- Canopy’s height has measured by measure stick. Thermal picture of random crops were taken. 

August 20, 2019 

- 4th data collection (Before Maturity) was conducted with two speeds: 1.6 and 3.2 mph. 

- Canopy height, NDVI and temperature were target traits. Ambient temperature/humidity and 

the height of the boom were recorded during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by 

webcams in two modes: normal height of the boom and mounting bracket.  

- Multispectral images and LiDAR data were collected for the entire field. 

- Some Canopy’s temperature have measured by hand held thermometer. 

- Canopy’s height has measured by measure stick. 

September 17, 2019 

- 5th data collection (Before Harvest) was conducted with the speed of 1.6 mph. 

- Canopy height, NDVI and temperature were target traits. Ambient temperature/humidity and 

the height of the boom were recorded during data collection. 

- RGB images (JPG format and 1920*1080 resolution) were captured from whole of field by 

webcams in two modes: normal height of the boom and mounting bracket.  

- Multispectral images and LiDAR data were collected for the entire field. 

- Canopy’s height has measured by measure stick. 

October 3, 2019 - The mechanical team conducted vibration tests to find natural frequency & vibration response 

of the 2nd generation boom and extension brackets. 
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APPENDIX F- Analyzing growth of canola plots over summer 2018 

This section provides obtained results from the collected data over summer 2018 and use of 

Pheno-VISDM2 for 5 different plots with diverse genotype. 

F1. Analyzing growth of the plot #11.12 (Selected randomly from HP7 

genotype) 

 

Figure F- 1: Plot #11.12 on June 19, 2018 (Seedling Status) 

 

Figure F- 2: Plot #11.12 on June 29, 2018 (Flowering Status) 
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Figure F- 3: Plot #11.12 on July 18, 2018 (End of Flowering Status) 

 

F1.1. Summary of captured data for plot # 11.12 during summer 2018 

 

Table F- 1: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #11.12 during 

summer 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co)  
Ref: Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
June 19, 

2018 
0.56 0.58 - - 43.45 41.6 - - - - 

2nd 
June 29, 

2018 
0.68 0.71 - - 27.18 26.01 - - - - 

3rd 
July 18, 

2018 
0.65 0.66 70.45 68.82 28.31 28.31 31.52 31.58 40.67 40.56 

4th 
August 2, 

2018 
0.69 0.68 73.05 74.47 26.91 27.11 27.95 28.03 45.68 45.98 

5th 
August 14, 

2018 
0.53 0.54 75.89 76.70 23.98 24.13 22.70 22.70 36.46 36.45 

*: Without edge-effect                           **: With edge-effect 
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Figure F- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #11.12 during 

summer 2018 
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F2. Analyzing growth of the plot #9.18 (Selected randomly from HP5 

genotype) 

 

Figure F- 5: Plot #9.18 on June 19, 2018 (Seedling Status) 

 

Figure F- 6: Plot #9.18 on June 29, 2018 (Flowering Status) 
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Figure F- 7: Plot #9.18 on July 18 (End of Flowering Status) 

 

F2.1. Summary of captured data for plot # 9.18 during summer 2018 

 

Table F- 2: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #9.18 during summer 

2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 
weather station 

* ** * ** * ** * ** * ** 

1st 
June 19, 

2018 
0.53 0.56 - - 44.04 42.98 - - - - 

2nd 
June 29, 

2018 
0.73 0.73 - - 24.75 24.24 - - - - 

3rd 
July 18, 

2018 
0.61 0.64 74.17 72.26 27.41 26.88 31.16 31.12 42.4 42.35 

4th 
August 2, 

2018 
0.70 0.71 69.57 69.99 26.97 26.96 27.79 27.85 47.89 47.81 

5th 
August 14, 

2018 
0.59 0.59 70.78 71.71 23.28 23.33 22.32 22.35 38.43 38.49 

*: Without edge-effect                             **: With edge-effect 
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Figure F- 8: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #9.18 during 

summer 2018 
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F3. Analyzing growth of the plot #17.46(Selected randomly from 

HA2 rep1 genotype) 

 

Figure F- 9: Plot #17.46 on June 19, 2018 (Seedling Status) 

 

Figure F- 10: Plot #17.46 on June 29, 2018 (Flowering Status) 
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Figure F- 11: Plot #17.46 on July 18, 2018 (End of Flowering Status) 

F3.1. Summary of captured data for plot # 17.46 during summer 2018 

 

Table F- 3: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #17.46 during 

summer 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
June 19, 

2018 
0.36 0.37 - - 37.7 37.82 - - - - 

2nd 
June 29, 

2018 
0.41 0.41 - - 41.28 41.15 - - - - 

3rd 
July 18, 

2018 
0.46 0.45 4.98 4.70 36.58 36.36 31.70 31.57 39.79 40.27 

4th 
August 2, 

2018 
0.37 0.37 2.08 0.25 36.29 36.74 30.85 30.82 40.50 40.59 

5th 
August 14, 

2018 
0.35 0.35 5.74 1.99 29.88 30.12 24.25 24.28 33.17 33.07 

*: Without edge-effect                                **: With edge-effect 
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Figure F- 12: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #17.46 during 

summer 2018 
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F4. Analyzing growth of the plot #14.44 (Selected randomly from 

HA2 rep2 genotype) 

 

Figure F- 13: Plot #14.44 on June 19, 2018(Seedling Status) 

 

Figure F- 14: Plot #14.44 on June 29, 2018 (Flowering Status) 
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Figure F- 15: Plot #14.44 on July 18, 2018 (End of Flowering Status) 

F4.1. Summary of captured data for plot # 14.44 during summer 2018 

 

Table F- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #14.44 during 

summer 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 
weather station 

* ** * ** * ** * ** * ** 

1st 
June 19, 

2018 
0.40 0.39 - - 46.57 46.89 - - - - 

2nd 
June 29, 

2018 
0.48 0.48 - - 38.21 38.59 - - - - 

3rd 
July 18, 

2018 
0.54 0.53 5.12 4.77 39.00 40.47 31.21 31.06 39.19 39.96 

4th 
August 2, 

2018 
0.43 0.44 4.71 4.60 36.29 36.79 29.40 29.39 42.60 42.50 

5th 
August 14, 

2018 
0.39 0.39 12.50 13.39 29.48 30.14 23.64 23.68 34.82 34.65 

*: Without edge-effect                      **: With edge-effect 
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Figure F- 16: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #14.44 during 

summer 2018 
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F5. Analyzing growth of the plot #30.77 (Selected randomly from TC8 

genotype) 

 

Figure F- 17: Plot #30.77 on June 19, 2018 (Seedling Status) 

 

Figure F- 18: Plot #30.77 on June 29, 2018 (Flowering Status) 
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Figure F- 19: Plot #30.77 on July 18, 2018 (End of Flowering Status) 

 

Figure F- 20: Plot #30.77 on July 18, 2018 (End of Flowering Status) 
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F5.1. Summary of captured data for plot # 30.77 during summer 2018 

 

Figure F- 21: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #30.77 during 

summer 2018 
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Table F- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #30.77 during 

summer 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
June 19, 

2018 
0.49 0.50 - - 34.09 34.33 - - - - 

2nd 
June 29, 

2018 
0.65 0.66 - - 26.32 26.35 - - - - 

3rd 
July 18, 

2018 
0.63 0.65 57.99 57.99 26.77 26.82 29.20 29.67 56.13 54.36 

4th 
August 2, 

2018 
0.65 0.69 61.07 62.92 28.42 28.20 29.10 29.08 40.09 39.94 

5th 
August 14, 

2018 
0.53 0.52 69.26 70.40 27.93 27.75 28.60 28.60 23.01 23.01 

*: Without edge-effect                     **: With edge-effect 
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APPENDIX G- Analyzing growth of canola plots over summer 2019 

This section provides obtained results from the collected data over summer 2019 and use of 

Pheno-VISDM3 for 6 different plots with diverse genotype. 

G1. Analyzing growth of the plot #3.7 (Selected randomly from HA01 

genotype) 

 

Figure G- 1: Plot #3.7 on June 26, 2019 (Seedling Status) 

 

Figure G- 2: Plot #3.7 on July 11, 2019 (Start of Flowering Status) 
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Figure G- 3: Plot #3.7 on July 31, 2019 (End of Flowering Status) 

 

 

Figure G- 4: Plot #3.7 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 5: Plot #3.7 on August 28, 2019 (End of Maturity Status) 

G1.1. Summary of captured data for plot # 3.7 during summer 2019 

 

Table G- 1: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #3.7 during summer 

2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.50 0.50 - - 22.49 22.80 22.80 22.40 42.72 42.72 

2nd 
11 July, 

2019 
0.63 0.63 22.22 21.92 21.98 21.92 20.11 20.07 69.60 69.71 

3rd 
13 July, 

2019 
0.49 0.49 97.96 97.99 23.25 23.20 22.40 22.48 71.01 70.73 

4th 
15 August, 

2019 
0.64 0.64 75.27 74.86 23.85 24.07 21.97 21.98 55.84 55.95 

5th 
28 August, 

2019 
0.64 0.64 73.49 74.08 18.36 18.33 18.25 18.25 61.37 61.45 

*: Without edge effect                           **: With edge effect 

It should be mentioned that these variation numbers were calculated from average of 

measurements. 
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Figure G- 6: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #3.7 during summer 

2019 
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G2. Analyzing the growth of plot #7.20 (Selected randomly from 

HA02 genotype) 

 

Figure G- 7: Plot #7.20 on June 26, 2019 (Seedling Status) 

 

Figure G- 8: Plot #7.20 on July 11, 2019 (Start of Flowering Status) 

 



177 

 

Figure G- 9: Plot #7.20 on July 31, 2019 (End of Flowering Status) 

 

Figure G- 10: Plot #7.20 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 11: Plot #7.20 on August 28, 2019 (End of Maturity Status) 

G2.1. Summary of captured data for plot # 7.20 during summer 2019 

 

Table G- 2: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #7.20 during summer 

2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.46 0.51 - - 30.93 30.70 24.02 24.01 40.09 40.09 

2nd 
11 July, 

2019 
0.74 0.73 41.05 42.14 23.93 23.83 21.00 21.01 63.46 63.92 

3rd 
13 July, 

2019 
0.66 0.66 

100.9

4 

102.3

1 
23.35 23.39 22.86 22.83 64.76 64.84 

4th 
15 August, 

2019 
0.72 0.73 84.51 85.17 25.49 25.25 23.21 23.23 52.30 52.28 

5th 
28 August, 

2019 
0.66 0.68 72.47 73.62 18.62 18.61 19.46 19.47 56.78 56.77 

*: Without edge effect                             **: With edge effect 
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Figure G- 12: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #7.20 during 

summer 2019 
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G3. Analyzing the growth of the plot #10.3 (Selected randomly from 

HA03 genotype) 

 

Figure G- 13: Plot #10.3 on June 26, 2019 (Seedling Status) 

 

 

Figure G- 14: Plot #10.3 on July 11, 2019 (Start of Flowering Status) 
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Figure G- 15: Plot #10.3 on July 31, 2019 (End of Flowering Status) 

 

 

Figure G- 16: Plot #10.3 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 17: Plot #10.3 on August 28, 2019 (End of Maturity Status) 

G3.1. Summary of captured data for plot # 10.3 during summer 2019 

 

Table G- 3: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #10.3 during summer 

2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.68 0.69 - - 26.53 26.20 25.54 25.50 33.52 33.52 

2nd 
11 July, 

2019 
0.67 0.66 55.62 54.68 24.23 24.37 21.62 21.62 63.57 63.60 

3rd 
13 July, 

2019 
0.73 0.73 96.59 96.34 23.98 24.03 23.45 23.40 62.28 62.53 

4th 
15 August, 

2019 
0.65 0.66 80.67 81.16 26.62 26.71 23.64 23.62 49.74 49.76 

5th 
28 August, 

2019 
0.50 0.52 78.17 79.03 19.13 19.12 19.62 19.59 56.65 56.65 

*: Without edge effect                             **: With edge effect 
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Figure G- 18: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #10.3 during 

summer 2019 
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G4. Analyzing the growth of the plot #14.30 (Selected randomly from 

PR-RST genotype) 

 

Figure G- 19: Plot #14.30 on June 26, 2019 (Seedling Status) 

 

 

Figure G- 20: Plot #14.30 on July 11, 2019 (Start of Flowering Status) 
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Figure G- 21: Plot #14.30 on July 31, 2019 (End of Flowering Status) 

 

Figure G- 22: Plot #14.30 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 23: Plot #14.30 on August 28, 2019 (End of Maturity Status) 

 

G4.1. Summary of captured data for plot # 14.30 during summer 2019 

 

 

Table G- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #14.30 during 

summer 2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.59 0.57 - - 31.61 31.80 26.29 26.30 31.86 31.86 

2nd 
11 July, 

2019 
0.66 0.65 56.82 57.27 23.86 20.52 21.95 21.98 61.82 61.72 

3rd 
13 July, 

2019 
0.79 0.79 80.46 81.01 24.03 24.00 23.37 23.37 62.54 62.50 

4th 
15 August, 

2019 
0.69 0.69 72.08 73.41 25.56 25.54 24.47 24.48 47.06 47.06 

5th 
28 August, 

2019 
0.56 0.57 68.41 68.14 20.03 20.08 20.28 20.29 53.43 53.42 

*: Without edge effect                             **: With edge effect 
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Figure G- 24: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #14.30 during 

summer 2019 
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G5. Analyzing the growth of the plot #16.2 (Selected randomly from 

PR-RST Extra genotype) 

 

Figure G- 25: Plot #16.2 on June 26, 2019 (Seedling Status) 

 

 

Figure G- 26: Plot #16.2 on July 11, 2019 (Start of Flowering Status) 
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Figure G- 27: Plot #16.2 on July 31, 2019 (End of Flowering Status) 

 

 

Figure G- 28: Plot #16.2 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 29: Plot #16.2 on August 28, 2019 (End of Maturity Status) 

 

G5.1. Summary of captured data for plot # 16.2 during summer 2019 

 

Table G- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #16.2 during summer 

2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.48 0.48 - - 31.32 31.80 25.77 25.70 34.34 34.34 

2nd 
11 July, 

2019 
0.74 0.73 33.48 32.63 23.56 28.61 21.74 21.72 64.17 64.30 

3rd 
13 July, 

2019 
0.60 0.53 99.30 99.30 24.56 24.56 24.56 24.56 62.38 62.38 

4th 
15 August, 

2019 
0.68 0.67 82.38 82.19 25.78 25.87 24.41 24.40 49.41 49.47 

5th 
28 August, 

2019 
0.66 0.66 72.55 69.02 20.56 20.65 19.59 19.59 57.64 57.69 

*: Without edge effect                             **: With edge effect 
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Figure G- 30: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #16.2 during 

summer 
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G6. Analyzing the growth of the plot #18.18 (Selected randomly from 

IM-RST genotype) 

 

 

Figure G- 31: Plot #18.18 on June 26, 2019 (Seedling Status) 

 

Figure G- 32: Plot #18.18 on July 11, 2019 (Start of Flowering Status) 
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Figure G- 33: Plot #18.18 on July 31, 2019 (End of Flowering Status) 

 

 

Figure G- 34: Plot #18.18 on August 15, 2019 (Start of Maturity Status) 
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Figure G- 35: Plot #18.18 on August 28, 2019 (End of Maturity Status) 

 

G6.1. Summary of captured data for plot # 16.2 during summer 2019 

 

 

Table G- 6: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #18.18 during 

summer 2019 

Stage Date 
NDVI Height (cm) Temp(Co) 

Ambient Temp 

(Co)  

Ref: Platform’s 

weather station 

Ambient 

Humidity (%) 

Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

1st 
26 June, 

2019 
0.45 0.45 - - 33.54 33.50 26.47 26.40 33.14 33.14 

2nd 
11 July, 

2019 
0.74 0.74 36.04 36.04 25.74 25.30 21.77 21.77 60.34 60.35 

3rd 
13 July, 

2019 
0.64 0.64 106.02 105.56 22.99 23.05 23.95 23.94 61.56 62.08 

4th 
15 August, 

2019 
0.70 0.71 80.45 80.59 24.68 24.61 24.34 24.34 49.27 49.24 

5th 
28 August, 

2019 
0.65 0.65 74.55 74.55 21.17 21.17 20.19 20.19 57.05 57.05 

*: Without edge effect                             **: With edge effect 
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Figure G- 36: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #18.18 during 

summer 2019 
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APPENDIX H- Analyzing growth of wheat plots over summer 2018 

This section provides obtained results from the collected data over summer 2018 and use of 

Pheno-VISDM2 for 6 different plots with diverse genotype. 

H1. Analyzing growth of the plot #108 (Selected randomly from 

genotype 18) 

 

Figure H- 1: Plot #108 on July 13, 2018 (Flowering Status) 

 

Figure H- 2: Plot #108 on July 26, 2018 (End of Flowering Status) 
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Figure H- 3: Plot #108 on August 9, 2018 (Before Maturity Status) 

 

 

Figure H- 4: Plot #108 on August 23, 2018 (Before Harvest Status) 
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H1.1. Summary of captured data for plot # 108 during summer 2018 

 

Figure H- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #108 during 

summer of 2018 
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Table H- 1: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #108 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 32.3 30.6 32.7 32.8 31.4 31.4 56.1 56.2 

3rd July 26, 2018 0.66 0.66 43.9 45.4 22.2 22.5 19.9 19.9 47.2 47.2 

4th August 9, 2018 0.32 0.32 76.7 77.7 29.0 29.1 26.9 26.9 42.5 42.5 

5th 
August 23, 

2018 
0.21 0.21 74.0 73.7 20.9 21.1 16.2 16.2 62.1 62.1 

*: Without edge effect                           **: With edge effect 

 

H2. Analyzing growth of the plot #112 (Selected randomly from 

genotype 8) 

 

 

Figure H- 6: Plot #112 on July 13, 2018 (Flowering Status) 
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Figure H- 7: Plot #112 on July 26, 2018 (End of Flowering Status) 

 

 

Figure H- 8: Plot #112 on August 9, 2018 (Before Maturity Status) 
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Figure H- 9: Plot #112 on August 2018 (Before Harvest Status) 

 

H2.1. Summary of captured data for plot # 112 during summer 2018 

 

Table H- 2: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #112 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 28.5 23.7 33.2 33.3 31.4 31.4 54.7 54.7 

3rd July 26, 2018 0.58 0.57 51.8 54.9 22.4 22.9 19.9 19.9 48.6 48.4 

4th August 9, 2018 0.36 0.37 76.4 76.8 29.1 29.9 26.9 26.9 41.4 41.5 

5th 
August 23, 

2018 
0.17 0.17 70.7 72.0 21.5 21.7 16.1 16.1 62.4 62.4 

*: Without edge effect                           **: With edge effect 
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Figure H- 10: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #112 during 

summer of 2018 
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H3. Analyzing growth of the plot #175 (Selected randomly from 

genotype 45) 

 

Figure H- 11: Plot #175 on July 13, 2018 (Flowering Status) 

 

 

Figure H- 12: Plot #175 on July 26, 2018 (End of Flowering Status) 
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Figure H- 13: Plot #175 on August 9, 2018 (Before Maturity Status 

 

 

Figure H- 14: Plot #175 on August 23, 2018 (Before Harvest Status) 
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H3.1. Summary of captured data for plot # 175 during summer 2018 
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Figure H- 15: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #175 during 

summer of 2018 

Table H- 3: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #175 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 29.9 28.1 32.9 33.2 31.4 31.4 54.4 54.4 

3rd July 26, 2018 0.61 0.64 48.5 45.4 22.3 22.3 20.2 20.2 50.3 50.2 

4th August 9, 2018 0.48 0.49 75.5 75.6 28.1 28.1 27.1 27.1 41.5 41.6 

5th 
August 23, 

2018 
0.16 0.16 77.2 77.6 21.0 21.0 16.3 16.3 61.2 61.2 

*: Without edge effect                           **: With edge effect 

 

H4. Analyzing growth of the plot #260 (Selected randomly from 

genotype 31) 

 

 

Figure H- 16: Plot #260 on July 13, 2018 (Flowering Status) 
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Figure H- 17: Plot #260 on July 26, 2018 (End of Flowering Status) 

 

 

Figure H- 18: Plot #260 on August 9, 2018 (Before Maturity Status) 
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Figure H- 19: Plot #260 on August 23, 2018 (Before Harvest Status) 

 

H4.1. Summary of captured data for plot # 260 during summer 2018 

 

 

Table H- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #260 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 35.1 33.3 30.9 30.9 31.2 31.2 56.2 56.4 

3rd July 26, 2018 0.67 0.65 62.2 63.6 22.6 22.7 20.4 20.4 48.5 48.4 

4th August 9, 2018 0.37 0.39 78.8 81.3 28.4 28.4 27.2 27.2 41.8 41.9 

5th 
August 23, 

2018 
0.16 0.16 78.9 79.8 20.9 20.9 15.9 16.1 63.4 63.6 

*: Without edge effect                           **: With edge effect 
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Figure H- 20: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #260 during 

summer of 2018 
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H5. Analyzing growth of the plot #333 (Selected randomly from 

genotype 51) 

 

 

Figure H- 21: Plot #333 on July 13, 2018 (Flowering Status) 

 

Figure H- 22: Plot #333 on July 26, 2018 (End of Flowering Status) 
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Figure H- 23: Plot #333 on August 9, 2018 (Before Maturity Status) 

 

 

Figure H- 24: Plot #333 on August 23, 2018 (Before Harvest Status) 
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H5. Summary of captured data for plot # 333 during summer 2018 

 

Figure H- 25: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #333 during 

summer of 2018 



213 

 

Table H- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #333 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 34.3 34.3 31.2 31.3 31.4 31.4 54.3 54.1 

3rd July 26, 2018 0.63 0.62 45.5 39.9 22.3 22.4 20.4 20.3 46.8 46.9 

4th August 9, 2018 0.39 0.37 81.4 81.4 27.9 28.1 27.3 27.3 41.3 41.3 

5th 
August 23, 

2018 
0.16 0.16 77.1 79.1 21.3 21.3 16.1 16.1 62.1 62.0 

*: Without edge effect                           **: With edge effect 

 

H6. Analyzing growth of the plot #373 (Selected randomly from 

genotype 72) 

 

 

Figure H- 26: Plot #373 on July 13, 2018 (Flowering Status) 
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Figure H- 27: Plot #373 on July 26, 2018 (End of Flowering Status) 

 

 

Figure H- 28: Plot #373 on August 9, 2018 (Before Maturity Status) 
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Figure H- 29: Plot #373 on August 23, 2018 (Before Harvest Status) 

 

 

H6.1. Summary of captured data for plot # 373 during summer 2018 

 

Table H- 6: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #373 during summer 

of 2018 

Stage Date 
NDVI 

Height 

(cm) 
Temp(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 
weather station 

* ** * ** * ** * ** * ** 

2nd June 13, 2018 - - 36.0 35.3 32.6 32.8 31.4 31.4 52.0 52.0 

3rd July 26, 2018 0.63 0.64 54.5 47.7 25.1 25.4 20.4 20.4 48.6 48.5 

4th August 9, 2018 0.45 0.45 73.7 69.8 29.2 29.3 27.3 27.3 41.7 41.6 

5th 
August 23, 

2018 
0.16 0.16 77.1 79.1 21.3 21.3 16.1 16.1 62.1 62.0 

*: Without edge effect                           **: With edge effect 
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Figure H- 30: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #373 during 

summer of 2018 
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APPENDIX I- Analyzing growth of wheat plots over summer 2019 

This section provides obtained results from the collected data over summer 2019 and use of 

Pheno-VISDM3 for 6 different plots with diverse genotype. 

I1. Analyzing growth of the plot #104 (Selected randomly from 

genotype 44) 

 

Figure I- 1: Plot #104 on July 23, 2019 (Flowering Status) 

 

Figure I- 2: Plot #104 on August 1, 2019 (End of Flowering Status) 
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Figure I- 3: Plot #104 on August 20, 2019 (Before Maturity) 

 

 

Figure I- 4: Plot #104 on September 17, 2019 (Before Harvest Status) 
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I1.1. Summary of captured data for plot # 104 during summer 2019 

 

Figure I- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #104 during summer 

of 2019 
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Table I- 1: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #104 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 
2nd July 23, 2019 0.47 35.1 34.5 27.9 57.5 

3rd August 1, 2019 0.54 33.0 26.0 22.6 73.5 

4th August 20, 2019 0.37 40.4 21.3 16.6 54.8 

5th September 17, 2019 0.17 54.3 19.4 19.6 66.2 

 

 

I2. Analyzing growth of the plot #169 (Selected randomly from 

genotype 63) 

 

 

Figure I- 6: Plot #169 on July 23, 2019 (Flowering Status) 
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Figure I- 7: Plot #169 on August 1, 2019 (End of Flowering Status) 

 

 

Figure I- 8: Plot #169 on August 20, 2019 (Before Maturity) 
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Figure I- 9: Plot #169 on September 17, 2019 (Before Harvest Status) 

 

I2.1. Summary of captured data for plot # 169 during summer 2019 

 

 

Table I- 2: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #169 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 
weather station 

2nd July 23, 2019 0.73 46.4 28.6 28.0 55.8 

3rd August 1, 2019 0.72 51.3 23.6 22.7 73.4 

4th August 20, 2019 0.50 63.6 18.1 17.0 51.6 

5th September 17, 2019 0.15 68.8 18.4 19.3 67.5 
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Figure I- 10: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #169 during 

summer of 2019 
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I3. Analyzing growth of the plot #225 (Selected randomly from 

genotype 81) 

 

Figure I- 11: Plot #225 on July 23, 2019 (Flowering Status) 

 

 

Figure I- 12: Plot #225 on August 1, 2019 (End of Flowering Status) 
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Figure I- 13: Plot #225 on August 20, 2019 (Before Maturity) 

 

 

Figure I- 14: Plot #225 on September 17, 2019 (Before Harvest Status) 
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I3.1. Summary of captured data for plot # 225 during summer 2019 

 

Figure I- 15: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #225 during 

summer of 2019 
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Table I- 3: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #225 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 
2nd July 23, 2019 0.63 46.5 31.5 28.0 53.9 

3rd August 1, 2019 0.64 52.7 25.3 22.8 75.1 

4th August 20, 2019 0.35 54.4 20.5 17.1 52.3 

5th September 17, 2019 0.18 53.7 19.9 19.2 67.3 

 

 

 

I4. Analyzing growth of the plot #264 (Selected randomly from 

genotype 11) 

 

 

Figure I- 16: Plot #264 on July 23, 2019 (Flowering Status) 
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Figure I- 17: Plot #264 on August 1, 2019 (End of Flowering Status) 

 

 

Figure I- 18: Plot #264 on August 20, 2019 (Before Maturity) 
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Figure I- 19: Plot #264 on September 17, 2019 (Before Harvest Status) 

 

I4.1. Summary of captured data for plot # 264 during summer 2019 

 

 

Table I- 4: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #264 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 

weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 
weather station 

2nd July 23, 2019 0.59 42.5 31.5 28.1 52.6 

3rd August 1, 2019 0.66 52.3 25.0 23.0 73.7 

4th August 20, 2019 0.43 54.2 20.1 17.2 49.6 

5th September 17, 2019 0.18 55.4 22.1 19.7 65.7 
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Figure I- 20: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #264 during 

summer of 2019 
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I5. Analyzing growth of the plot #321 (Selected randomly from 

genotype 27) 

 

Figure I- 21: Plot #321 on July 23, 2019 (Flowering Status) 

 

 

Figure I- 22: Plot #321 on August 1, 2019 (End of Flowering Status) 
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Figure I- 23: Plot #321 on August 20, 2019 (Before Maturity) 

 

 

Figure I- 24: Plot #321 on September 17, 2019 (Before Harvest Status) 
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I5. Summary of captured data for plot # 325 during summer 2019 

 

Figure I- 25: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #321 during 

summer of 2019 
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Table I- 5: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #321 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 
2nd July 23, 2019 0.51 32.3 33.3 28.1 54.7 

3rd August 1, 2019 0.58 36.1 25.6 23.0 73.4 

4th August 20, 2019 0.48 42.1 20.2 17.2 51.8 

5th September 17, 2019 0.24 44.1 22.9 19.8 66.1 

 

 

I6. Analyzing growth of the plot #376 (Selected randomly from 

genotype 3) 

 

 

Figure I- 26: Plot #376 on July 23, 2019 (Flowering Status) 

 



235 

 

Figure I- 27: Plot #376 on August 1, 2019 (End of Flowering Status) 

 

 

Figure I- 28: Plot #376 on August 20, 2019 (Before Maturity) 
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Figure I- 29: Plot #376 on September 17, 2019 (Before Harvest Status) 

 

 

I6.1. Summary of captured data for plot # 376 during summer 2019 

 

Table I- 6: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #376 during summer 

of 2019 

Stage Date NDVI 
Height 

(cm) 

Tem

p(Co) 

Ambient 

Temp (Co) 
Ref: 

Platform’s 
weather station 

Ambient 

Humidity 

(%) 
Ref: Platform’s 

weather station 
2nd July 23, 2019 0.54 33.2 32.7 28.2 54.2 

3rd August 1, 2019 0.61 42.5 24.3 23.0 71.5 

4th August 20, 2019 0.50 50.6 20.5 17.0 53.0 

5th September 17, 2019 0.21 56.2 22.8 20.1 64.9 
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Figure I- 30: Variation of NDVI, height, temperature, ambient temperature and humidity of plot #376 during 

summer of 2019 


