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Abstract: Spectral vegetation indices (SVIs) have been widely used to detect different
plant diseases. Wheat leaf rust manifests itself as an early symptom with the leaves turning
yellow and orange. The sign of advancing disease is the leaf colour changing to brown
while the final symptom is when the leaf becomes dry. The goal of this work is to develop
spectral disease indices for the detection of leaf rust. The reflectance spectra of the wheat’s
infected and non-infected leaves at different disease stages were collected using a
spectroradiometer. As ground truth, the ratio of the disease-affected area to the total leaf
area and the fractions of the different symptoms were extracted using an RGB digital
camera. Fractions of the various disease symptoms extracted by the digital camera and the
measured reflectance spectra of the infected leaves were used as input to the spectral
mixture analysis (SMA). Then, the spectral reflectance of the different disease symptoms
were estimated using SMA and the least squares method. The reflectance of different
disease symptoms in the 450~1000 nm were studied carefully using the Fisher function.
Two spectral disease indices were developed based on the reflectance at the 605, 695 and
455 nm wavelengths. In both indices, the R® between the estimated and the observed was
as highas 0.94.

Keywords: wheat leaf rust; hyperspectral measurement; spectral disease indices;
disease symptoms



mailto:Alfredo.Huete@uts.edu.au

Remote Sens. 2014, 6 4724

1. Introduction

Various spectroscopic and imaging techniques have been developed to detect disease and stress in
plants and trees [1].Spectral data at different scales including leaf, canopy and landscape-level have
been widely used to improve precision [2-5]. In recent years, researchers have studied various spectral
vegetation indices (SVIs) to detect different vegetation diseases [5-7]. Efficient use of spectral data in
detection of plant disease depends on the application. The spectral regions from 400 to 700 and 700 to
1100 are mainly influenced by leaf composition of pigments, structure, and water content [8].

The effect of a disease on the pigments and structure of a plant and the change in their
spectral responses enable spectroradiometry and remote sensing techniques to detect plant disease
effectively [9].

There are indices derived from reflectance values at several wavelengths that are able to detect and
quantify the leaf content substances such as chlorophyll, anthocyanin, and water[10,11]. Nalta et al.
used leaf spectral reflectance to detect viral infection. In this study SVIs were used to identify infected
and non infected leaves with maximum accuracy of 70% [12]. Chen et al. used hyperspectral
measurement to identify cotton infected by verticillium wilt. The first derivatives between 731 and
1317 nm were the most effective in predicting disease [13]. Mohammad et al. showed that the visible
and infrared regions of the electromagnetic spectra provide the maximum information on physiological
stress levels in an affected plant [14]. Some of the wavelengths specific to a disease can be used to
detect plant disease [15].Optimum spectral ranges have been suggested to detect different disease; 425,
685 and 735 nm to detect citrus canker [16], 737-925 nm to detect brown plant hopper disease of
rice [17], 426 nm for brown plant hopper and leaf folder infestation of rice [18], and 800 to 1100 nm to
identify leaf miner damage of tomato [19].

However, each disease may affect the leaf reflectance spectrum in a specific way. Therefore, special
spectral disease indices (SDIs) must be developed to detect plant disease [8].In the SDIs and SVIs
developed thusfar, less attention has been paid to the effect of disease symptoms on the reflectance
spectra. It is therefore beneficial to design specific indices for each disease based on the progression of
disease symptoms.

Wheat (Triticumdicoccum) has three types of rust disease called yellow rust, leaf rust, and stem
rust. Leaf rust disease has the highest frequency of occurrence compared to the other two types, giving
it higher priority for further investigations. Each year, this disease damages crops all around the world,
decreasing yield dramatically. Leaf rust is caused by the Pucciniatriticina fungus and consists of
different symptoms [20]. These symptoms begin by manifesting themselves in yellow, orange, and
then dark brown colours. The final symptom is dry leaf. It is worth noting that the different symptoms
of leaf rust can be simultaneously observed in various parts of a leaf [21].A few investigations have
shown the potential of SVIs for disease detection. Mahlein et al. and Rump et al. demonstrated the
effect of disease symptoms on recorded reflectance spectra [22—24].

In many investigations SVIs are deployed to study wheat rust in the leaf and canopy scales. In 1991,
Hansen studied the effect of yellow rust on crop yield. Results show that hyperspectral data have the
potential to detect changes in crop productivity due to rust disease with an R? of better than 0.9 [25].
In another study in 2007, Wenjiangn et al. investigated the relationship between wheat yellow rust and
the photochemical reflectance index (PRI). This index was found to detect yellow colour variations
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with an R? of better than 0.9 [26]. Regarding the fact that the effect of the deficiency of nitrogen is
similar, the detection of wheat yellow rust in situations of nitrogen deficiency was studied by Zhang et al.
using hyperspectral data. Results showed that wheat yellow rust can be detected when nitrogen
is lacking [5].

Yellow rust is seen as narrow yellow strips parallel to nervures on the leaf whereas leaf rust appears
as areas with various colours and patterns [15]. However, the number of studies on leaf brown rust is
limited compared to yellow rust.

Devades et al. used 10 SVIs in the visible and near-infrared region to detect different types of rust
at the leaf scale. In this study, none of these indices were able to detect and discriminate the three types
of rust. However, the anthocyanin reflectance index (ARI) can be used to detect yellow rust, and the
transformed chlorophyll absorption and reflectance index (TCARI) can be used to detect leaf rust [27].
In another studyconducted by Frank and Menz, hyperspectral and leaf multispectral data were used to
estimate the severity of wheat leaf rust [28]. Results indicated that leaf rust could be detected in the
early symptoms by using hyperspectral data. The algorithm used in this research was based on the
minimum noise fraction (MNF) transformation. The reflectance spectra of the infected, non-infected,
and dry area, as well as the soil class were taken at the canopy level. Although this research had
acceptable results, it did not take into account the various disease symptoms.

Ashourloo et al. showed that the disease symptoms have a high impact on the infected plant
reflectance spectra [29]. This means that as the disease severity increases, so does the collected
spectrum variations at a specific disease severity. All of the SVI values were sensitive to disease
severity so that the classification accuracy decreased as the disease severity increased. Results showed
that as the disease severity increases, the scattering of the numerical values for all of the indices also
increases. For the different SVIs, the amounts of scattering and classification accuracy are not the same
and depend on the wavelength(s) used. It is necessary to develop SDIs for wheat leaf rust detection.

Wheat leaf rust at the leaf scale was studied for two purposes: (a) to estimate the reflectance spectra
of various disease symptoms; and (b) to introduce an index for precise determination of disease
severity using the spectral reflectance comparison of five different leaf colour symptoms.

2. Materials and Methods
2.1. Experimental Setup

A two-month campaign for collection of leaf reflectance data using a spectroradiometer was
conducted. Also, a series of RGB digital photos from all infected leaves were collected. These data
were used to develop indices in the visible and infrared ranges for detecting wheat leaf rust. Spectra
were collected in controlled environmental conditions. In order to gather enough samples, wheat
cultivation was repeated twice in consistently similar conditions. The purpose of this research was to
develop an index (or indices) to accurately estimate disease severity, theleaf rust disease severity index
(LRDSI). Here, the disease severity is defined as the fraction of the infected area. Also, an attempt was
made to quantify the disease areas using the spectral response of the leaf. The flowchart for extracting
the index is displayed in Figure 1.
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Figure 1. Flowchart for extraction of wheat leaf rust disease.

Leaf
Sample

>

Spectral Disease estimation by RGB digital camera
measurement =
(In 450-1000 nm e Bisease symptomps
range) (Disease arealTotal (Yellow, Orange, ./

area) Total area)

Estimation of spectral reflectance for each disease symptom

Input: measured spectra at leaf scale and fraction of disease symtomps
Method: linear spectral mixture analysis

-

Band selection to study leaf rust:
Method: Using fisher function
(Exhaustive search of all wavelengths)

~

Suggestion of spectral disease indices to estimate disease severity
Comparison indices with commonly used vegetation indices

2.1.1. Cultivation Condition and Pathogen Inoculation

In order to conduct the experiment, the two most common cultivars of wheat called Bolani and
Roshan were selected. Two cultivars were chosen so as to have a robust model with independent
results to detect wheat leaf rust. These two types are sensitive to the leaf rust disease and are
extensively planted in Iran. Cultivation was done in 1 by 1 m boxes in the Plant Protection Center of
Iran. Both cultivars were grown in a greenhouse with temperature staying between 15 and 20 <C,
relative moisture more than 60%, and photoperiod of 16 hours a day. Spore suspension was sprayed on
the plants—both front and back parts—from a 15 cm distance. Inoculation was performed at specific
conditions (spore suspension 0.6 mL per plant at concentration of ~6 x 10° spores/mL, temperature
15-16 <C, relative moisture more than 90%). Infected plants were transferred to a greenhouse with a
temperature of 20-30 <C, relative moisture of 90%, and with photoperiod of 16 hours a day. Each
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time, the cultivation was conducted in 14 boxes: 7 boxes for the Bolani and 7 for the Roshan. The
seeds were planted 5 cm apart. Watering and fertilizing were done in a controlled manner according to
the needs of the plant. For each wheat item, 4 boxes were infected by spores and 3 boxes were kept as
non-infected samples.

2.1.2. Data Collection

In order to measure spectral reflectance of the rust infected leaves, a spectroradiometer (Analytical
Spectral Device, Boulder, CO, USA) with a 25<field of view was used. The spectra were collected in
the 350-2500 nm range with a bandwidth of 1 to 4 nm. The Spectralon plate (Labsphere, Halma Co.,
USA) with a dimension of 40 <40 cm was used as a reference. A contact probe (with leaf holder) was
employed to reduce the effect of environmental light scattering and to improve the measurement
accuracy. The distance from the probe inside contact probe to the target was 5.2 cm. Each of the leaves
contained various disease symptom areas ranging from yellow to dark brown. Spectral sampling was
performed from the initial symptom of the disease until the symptom of full infection (from 6 days
after inoculation to 42 days). The reflectance spectrum sampling number was 5 where the average of
these was used as the reflectance spectrum. After measuring the spectrum of each infected area, an
RGB digital photo was taken. Each infected leaf was used only once for measurement. To avoid the
absorption bands of water in wavelengths beyond 1000 nm, the electromagnetic region of 450 to
1000 nm was used in this work. In this operation, the infected leaves were separated and the
measurement was carried out by placing the leaves on a flat surface where the contact probe was
placed on the leaf. A total of 300 spectral samples were collected from the leaves with various disease
symptoms areas. These data from infected and non-infected leaves were recorded on a weekly basis
until 42 days after inoculation.

To determine the ratio and symptoms of the leaf rust disease, an RGB digital camera with the
following specifications was used:

e Camera model: Canon DIGITAL IXUS 85 IS;
e F-109 number: f/3.2;
e Shutter speed: 1/60.

For all samples, the camera was held at the height of 30 cm above the samples.

Various symptoms of the leaf rust disease, including yellow, orange, dark brown and dry leaf, were
extracted from the digital photos [21]. Different symptoms of wheat rust have been illustrated in
Figure 2A,B. After spectrometry, photography was performed outdoors. Therefore, in order to remove
the effect of the light intensity, the HIS system was used instead of the RGB system [30]. This
algorithm is based on the transformation from the RGB to HIS space aiming to remove the effect of
outdoor light intensity variations. Meanwhile, in this research, texture recognition algorithms were
used to determine the boundaries of infected areas. The steps of classifying the disease symptoms by
the images of the RGB digital camera are shown in Figure 2C. The amounts of different symptoms of
the disease were determined by calculating the ratio of the areas of the infected spots to the total leaf
area for each infected leaf. It must be taken into account that these measurements were conducted in
the same area upon which the spectrometry had been performed. The exact location of the spectral
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reflectance region on the leaf was marked with the contact probe so that the ratio and symptom of the
disease could be extracted by the RGB digital camera. This area is displayed by a white circle in
Figure 2D. Inside the marked area, a green mask was applied using a threshold value. The aim was to
classify infected areas of the leaf with more precision. In addition, training samples were collected
from the disease symptoms. Then, the maximum likelihood classification was applied on the H and S
components in order to extract disease symptoms as shown in Figure 2C. The disease symptom
fractions were used along with the spectra of the infected leaf as ground truth to evaluate the SVIs.

Figure 2. (A) Disease progress of wheat leaf rust; (B) Different symptoms of wheat leaf rust;
(C) Classification steps of disease symptoms of wheat leaf rust by RGB digital camera;
(D) Classification of different symptoms and masking green area of wheat leaf rust, the
leaf area (fleaves were placed next to each other) marked by the contact probe is shown by
the white circle.
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2.2. Extraction of Disease Reflectance Spectra

The results showed that the disease symptoms have high impact on the infected plant spectra [29].
It means that as the disease severity increases, so do the collected spectrum variations at a specific
disease severity. It is expected that, for a specific disease, as the number of disease symptoms
increases, the spectra will become more mixed at a specific disease severity level. SVIs are based on
few spectral of vegetation. It was demonstrated, as the disease severity increases, so does the scattering
of all SVI values. The scattering is caused by changes in disease symptom proportions from a point to
another one for the same disease severity level. As a concluding remark, it was mentioned that the
spectral mixture analysis of disease symptoms reduces the accuracy of SVIs [29].

The aim of this research is to develop SDIs to detect wheat leaf rust based on spectra of different
disease symptoms. As Figure 2D shows, the spectra of infected leaves, recorded by the contact probe,
are mixed. Therefore, this research tries to estimate the pure spectra of different disease symptoms by
using spectral mixture analysis.
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In remote sensing, the linear spectral mixing equations (LSME) are normally used in estimation of
endmember abundance in each pixel. The method can be applied to mixed pixels and can be used for
extraction of information at sub pixel scale. However, in this work, the fractions of each symptom area
are known, and their corresponding reflectance spectra can thus be calculated.

In a rust disease infected leaf, one can find different symptoms such as green (healthy), yellow,
orange, brown and dry areas with varying sizes. When the fraction of the areas of each symptom is
known, then their reflectance values can be calculated by the following equation [31,32].

N
szx) :Zfipix"' €. (1)
=

where p; is the reflectance measured by spectroradiometer, py, is the reflectance of disease symptoms
area for sample i (i can be assumed as each sample recorded by the spectroradiometer and
k is the number of sample) for a specific wavelength A, f; is the fraction of symptoms area of sample i,
N is number of symptoms areas and e, is the residual error. Sum of the fractions of all disease
symptoms area is equal to 1. Equation (1) for k leaf spectral sample (recorded by spectroradiometer) in
N class (N disease symptoms) can be written as Equation (2) below.
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By solving Equation (3) through the least squares method (Equation (4)) for matrix p the reflectance
of each symptom in one wavelength can be found. The procedure will be repeated over until we can
find the reflectance curve for each symptoms area in all desired wavelengths.

p=(FF)'Fp’ 4)

The final output is the spectral reflectance curves of disease for healthy leaf and four other different
symptoms (colours). Output is a 5 <55 matrix in which each row is the reflectance of one symptom of
the disease in the 450-1000 nm electromagnetic range at 10 nm intervals. These extracted spectra of
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disease symptoms have been shown in Figure 3 and is used in the next steps for the selection of
appropriate wavelengths to build up desired indices.

Figure 3. Estimated reflectance spectra of healthy leaf and all other disease symptoms of
wheat leaf rust.
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As can be seen in Figure 3, the spectra of different disease symptoms vary greatly in the
450-1000 nm range. There is little distinction in the blue and green regions while between red and
red-edge regions the differences increase. The changes in reflectance of disease symptoms are not the
same in the red-edge region where the green and dry areas have the maximum and minimum amount
of variation, respectively. In the 800-950 nm range, the distinctions are more prominent and the
reflectance decreases as the disease develops. The difference in the reflectance of disease symptoms at
various wavelengths provides us with the possibility of selecting appropriate wavelengths for disease
symptom determination.

2.3. Selection of Suitable Wavelength for Disease Severity Index

The symptoms of leaf rust appear at the end of the first week of inoculation as yellow in colour.
As the disease develops, other symptoms/colours appear gradually. The goal is to determine the
disease severity with high accuracy; in other words, it is desired to find the ratio of the infected area of
the leaf, irrespective of the disease symptom. Then the areas of the infected and non-infected parts of
the leaf are used to determine the disease severity. Remote sensing enables us to estimate these areas
based on the differences between the reflectance of the healthy and the infected parts. The starker the
differences are, the greaterthe ability of distinction will be. Interestingly, the area infected with leaf
rust consists of different colours (symptoms). It is found that different disease symptoms have different
spectra [24]. For a certain disease severity, disease symptoms may have different proportions. For
example, if a leaf is 40%infected, in one situation, the fractions of the green, yellow, orange and brown
areas will be 60%, 20%, 15% and 5%, respectively, while in another situation, these fractions are 60%,
10%, 10%, and 20%, respectively. Therefore, in the infected area, the fractions of the disease
symptoms could encompass various situations. If in a specific wavelength, each symptom of the
disease has a different reflectance from that of other symptoms, then different configurations will
produce different spectra for a certain disease severity. Hence, the various reflectance spectra at a
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certain disease severity may cause the scattering of the infected class to increase and, as a
consequence, this scattering makes disease detection more difficult. To solve this problem, we must
find a particular wavelength in which the reflectance values of different disease symptoms are the
same, while these reflectance values are highly distinctive from the reflectance of the non-infected
area. To find the suitable wavelength the Fisher function as stated in Equation (5) was used:

j(w) = (”5'2 +";2) ©)

This function is used to project a multidimensional space into a one-dimensional space. In the
Fisher function, m and S are the class mean and variance, respectively. The indicesl and 2 represent
the two classes studied in the function. The purpose of this function is to increase the difference
between class means as well as simultaneously decreasing the difference between variances.

In this work, in order to select the appropriate wavelength, the reflectance spectra of four disease
symptoms, as well as for healthy leaf were used as input in the Fisher function. The two classes used
for analysis consist of the healthy and infected. The infected class consists of the reflectance of the
yellow, orange, dark brown and red samples with the mean value of m; and variance value of S;. The
healthy class also consists of the green area with the mean value of m, and variance value of S,.
Because we only have one healthy sample, its variance is S; and m; is the reflectance of the green
region at the wavelength being studied. The value of the Fisher function in the 450-1000 nm region
was obtained based on the reflectance of disease symptoms in the form of healthy and infected classes.
The wavelengths resulting in higher values of the Fisher function have better potential to estimate
the disease severity.

2.4. Comparison of the Results with Other SVIs

SVIs have been used in a wide range of research activities for disease studies. SVIs are used to
study the plant disease. Common SVIs were used to compare the results of disease studies. These
indices include such spectral features as sensitivity to pigments, structural indices independent of
pigments, chlorophyll absorption ratio index, narrow-band normalized vegetation index, nitrogen
reflectance index, photochemical reflectance index, chlorophyll absorption and reflectance index, and
anthocyanin reflectance index. More details are given in Table 1 [33-42]. Some of the indices such as
PRI, TCARI and ARI have been used in wheat yellow rust studies.

Table 1.Spectral vegetation indices used for the comparison of results.

Variable Definition Description
NBNDVI Narrow-band normalised difference vegetation index (Reso — Reso)/(Reso + Rego) [33]
NRI Nitrogen reflectance index (Rs70 — Re70)/(Rs70 + Re70) [34]
PRI Photochemical reflectance index (Rs70 — Rs31)/(Rs70 + Rs31) [35]
TCARI The transformed chlorophyll absorption and 3 %[(R700 — Re70) — 0.2 % (R7g0 — Rssg) X<
reflectance Index (R700/Re70)] [36]
SIPI Structural independent pigment index (Reoo — Rass)/(Reoo — Rego) [37]
PhRI Physiological reflectance index (Rss0 — Rs31)/(Rss0 + Rsar) [38]

NPCI Normalized pigment chlorophyll ratio index (Reso — Raz0)/(Reso + Razo) [39]
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Tablel.Cont.
Variable Definition Description
ARI Anthocyanin reflectance index ARI = (Rsso) * — (Ryo0) '[40]
(1(@670 + Rezo + b)|/(a’ + 1)*?) x
. .. (R700/R670)
CARI Chlorophyll absorption ratio index
PYTL absom 8 = (Ruoo — Reso)/150,
b= Rgso — (a X550) [40]
Gl Green index Rss4/Re77[41]
TVI Triangular vegetation index 0-5[120(Rrso ~ RSS[OA? 2] 200(Re7o ~ Resco)]

3. Results and Discussions
3.1. Disease Development in Leaves Inoculated with Rust

For each infected leaf, the proportions of different disease symptoms including yellow, orange,
brown, dry, and the disease severity (the sum of the proportions of different disease symptoms) for 7,
14, 21, 28, 35 and 42 days after inoculation were extracted with a digital camera. On each day, about
50 leaves were evaluated randomly and the average of the proportions of different disease symptoms
and disease severity were estimated.

Figure 4 shows the proportions of different disease symptoms and disease severity for a 7-day
interval until the 42nd day after inoculation. On the 7th day after inoculation, the proportion of the
yellow area is low, but it reaches the maximum value on day 21 (37%). However, the proportion of the
yellow area decreases a little after 21 days. The orange and dark brown areas appear on the 14th day
after inoculation and show an increasing trend. They reach their maximum values on day 42. The
proportions of the orange and dark brown areas on day 42 are 23% and 24% of the leaf area,
respectively. The dry area appears 28 days after inoculation and reaches its maximum (18%) on the
42th day.As shown in the Figure 4, disease severity which is the sum of the proportions of different
disease symptoms increases with time after inoculation and peaks on day 42.

Figure 4. Proportion ofdisease severity and different disease symptomsin wheat flag leaf
infected by Pucciniatriticinafromday 7 to 42 after inoculation.

100

- Yellow
80

=-=8 Orange
60 «==s Brown

—+ DRY
40 —=a Disease Severity /

-
-
-
-

Proportion (%)




Remote Sens. 2014, 6 4733

3.2. Evaluation of the Reflectance Spectra of Disease Symptoms

Due to the importance of disease severity estimation based on the analysis of the reflectance spectra
of disease symptoms, it is necessaryto evaluate the accuracy of the spectra obtained for each disease
symptoms. To this end, fraction values for each disease symptom were divided into ten equal ranges
between 0 and 100. Equation (4) was then solved for the fractions, though this time the
spectroradiometer measured reflectance and calculated symptoms reflectance values (Figure 3) were
inputs to the equation. Subsequently, if the calculated spectra were extracted correctly, the calculated
fractions of the disease symptoms must be equal to those estimated through the RGB digital camera.
Therefore, the accuracy of the disease symptom spectra was evaluated through the following procedure:

(@) Selection of 60 random infected leaf spectra consisting of various disease symptoms

(b) Using the estimated spectra of disease symptoms (Figure 3) and calculating the fraction of each
disease symptom in each leaf by deploying Equation (1). These values are called estimated values.

(c) Extracting the real fraction of disease symptoms for the selected spectra using the digital
images. These values are called observed values.

(d) Calculating the correlation coefficient between the estimated and observed values.

The correlation coefficients obtained for the green, yellow, orange, brown, and dry area were 83%,
92%, 87%, 79%, and 88%, respectively. These results demonstrate that the extracted reflectance
spectra are trustworthy.

3.3. Estimating the Disease Severity

The goal of the current research is to present a suitable index to estimate the disease severity. The
Fisher function was used to select the appropriate wavelengths for disease severity estimation. The
wavelength which is to be selected as the optimal one is extracted from the estimated spectra of disease
symptoms shown in Figure 3.

According to Figure 5A, the Fisher function yields high values in the red and red-edge regions. The
Fisher values obtained at the 605 and 695 nm wavelengths were high and had the values of 188 and
164, respectively (Figure 5A). As Figure 3 shows, not only the disease symptoms have the least
amount of differences in reflectance, but they also have the highest difference with the reflectance of
healthy parts of leaf at these wavelengths. For further assurance, the reflectance values of the healthy
and infected areas were studied. According to Figure 3, the reflectance of the leaf at various stages of
the disease at the 605 nm wavelength was similar and was about 0.26, while for the dry area,
reflectance was a little higher and about 0.29. This difference reduces the accuracy of the index based
on the 615 nm reflectance. To solve this problem, the ratio of the reflectance values at 605 to 455 nm
was used; the index made by this ratio is the leaf rust disease severity index 1(LRDSI_1). At 455 nm
wavelength, the reflectance of the healthy area and disease symptoms were similar at about 0.06,
whereas in the dry area, the reflectance was a little higher. Hence, by dividing reflectance at 605 nm by
reflectance at 455 nm, the difference of the values obtained for the dry and disease symptoms were
minimized. Another region was at 695 nm. At this wavelength, the amount of reflectance for the
healthy area is 0.15 and for the yellow, orange, and dark brown disease symptoms, 0.28, 0.28, and 0.29
(Figure 3). For the dry area, the reflectance is a little higher around 0.31. Again, if it is divided by the
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reflectance at 455 nm, the difference between the dry area and disease symptoms will be minimized.
The index made by this ratio is named the leaf rust disease severity index 2(LRDSI_2).
In Figure 5B, the linear regression of the ratio of the reflectance in two wavelengths with the disease
severity is given. The dry areas have higher R%. As can be seen in Figure 5B, the ratios of the
reflectance at 605 and 695 nm wavelengths to the reflectance at 455 nm wavelength have the highest
values. This shows that the wavelengths used to estimate the disease severity have been properly
selected. Furthermore, the disease symptoms and healthy areas have the highest amount of difference
in reflectance as was the goal. In Figure 5C,D, the correlation between the proposed indices of
LRDSI_1 and LRDSI_2 and the disease severity is presented. The correlation for both indices is as
high as about 0.94. The estimation of the leaf disease severity based on the 605 and 695 nm
wavelengths is given in Equations (7) and (8).

Leaf Rust Disease Severity Index 1(LRDSI_1) = 6.9 P& 12 @
Pass

Leaf Rust Disease Severity Index 2(LRDSI_2) = 4.2 Pess (.38 (8)
Pass

Figure 5. (A) Values of the Fisher function at various wavelengths used for disease
severity estimation; (B) R? values between the reflectance ratio of two wavelengths and the
leaf disease severity; (C) The correlation between the disease severity and ratio of
reflectance at 605 nm and 455 nm; (D) The correlation between the disease severity and
ratio of reflectance at 695 nm and 455 nm wavelengths.
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The evaluation of the proposed indices is given in Table 2. As the matrix shows for the two indices,
the disease severity estimation using LRDSI_1 has an overall accuracy of 89.5%, and accuracies of
87% and 91% for the infected and non-infected areas, respectively. The disease severity estimation
using LRDSI_2 has an overall accuracy of 86.5%, and accuracies of 87% and 86% for the infected and
non-infected areas, respectively. Table 3 shows the classification error for the disease symptoms.
At first, the classification error was high (1%-5%) and then increases slightly at higher values
(5%-60%). Finally, it decreases again at higher values (60%-100%). Both indices have a classification
error of less than 10% in the 20—100 range. This demonstrates the efficiency of the proposed indices to

estimate the disease at ratios bigger than 5%.

Table 2.Classification accuracy for the healthy and infected classes using leaf rust disease

severity indices.

Class Precision Prediction Ground Truth Class Precision
LRASI_1,605 Rust Healthy
Rust 140 87%
Healthy 11 91%
Class recall 93% 86% 89.5
LRASI_2,605 Rust Healthy
Rust 148 87%
Healthy 21 86%
Class recall 87% 86% 86.5%

Table 3.Classification error for the healthy and infected classes using LRDSI index.

Classification Error %

Disease Severity LRASI_1 605 LRASI_2,605
Rust Healthy Healthy Rust
1%-5% 35 44 47.7 32
5%-10% 10.2 14.3 16 17.2
10%-20% 7.2 11.6 12.4 9.8
20%-30% 5.1 7.6 8.3 7.4
30%—40% 3.6 3.1 3.6 4.5
40%-50% 3.9 2.4 2.7 5
50%—-60% 1.2 2.2 0.9 1.7
60%—-70% 3 4.7 2.4 3.7
70%-80% 5.1 4.5 3.7 35
>80% 4.8 5 4.1 4.4

3.4. Comparison Suggested Indices with Other SVIs

Different coefficients of determination (R?) are observed in the relationship between SVIs and
disease severity. The R? values are shown in Figure 6. NBNDV!I (Figure 6K) with the R? of 0.75, and
MCRI (Figure 6E) with the R? of 0.34 have the strongest and weakest relation with the disease

severity respectively.
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Figure 6.The relation between spectral features and the disease severity (A to K).Changes
of first derivative sums and the disease severity in the same direction (L).
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Although some indices such as NBNDVI, PRI, and NDVI have high R? with the disease severity,
the data scatter increases as the disease severity increases. The increase in data scattering at higher
ratios causes a decrease in the accuracy of disease severity estimation. As Table 4 shows, for
NBNDVI, PRI, and NDVI, the highest accuracy is obtained for severity values between 5% and 40%.
For severity values higher than 40%, the classification accuracy decreases so that values above 70%
yield a minimum classification error of around 40%. For further investigation, the relation between
reflectance variations and the disease severity was examined. The sum of the first derivatives of each
spectrum in the 450-1000 nm range was used as the representative of the spectrum. As previously
stated, for each measured spectrum, the disease severity was extracted using an RGB digital camera;
therefore, it is possible to study spectral variations as a function of the disease severity. According to
Figure 6L, the disease severity has a positive relation with the sum of the first derivatives. It can be
said that at high disease severity, the disease symptoms have a great impact on the increase of spectral
distinction and data scattering.
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As Figure 5C,D show, the R? of LRDSI_1 and LRDSI_2 indices with the disease severity is larger
than 0.9.These results are much better than those of PRI, NBNDVI, and NDVI.

Table 4.Classification accuracy for the healthy and infected classes for NDVI, PRI

and NBNDVI.
Classification Error %
Disease Severity NBNDVI NDVI PRI
Rust Healthy  Healthy Rust Healthy Rust

1%-5% 25 34 29 38 44 43
5%-10% 12 14 13 14 11 19
10%-20% 11 12 14 10 13 18
20%—-30% 15 10 17 14 17 15
30%—40% 14 13 26 18 11 22
40%-50% 25 21 26 28 21 28
50%-60% 28 29 19 37 29 32
60%—70% 31 37 44 36 34 47
70%-80% 38 55 47 54 44 61
>80% 53 44 61 52 49 58

4. Conclusions

The results of this research showed that leaf rust has various symptoms with a distinct spectrum for
each. The investigation carried out by the Fisher function into the spectra of the disease symptoms at
the 450-1000 nm range revealed little distinction between the spectra at the red and red-edge regions.
Furthermore, at these regions, there exists the greatest discrepancy between the reflectance spectra of
the disease symptoms and those of the non-infected areas. Both of the proposed indices have high
capability to estimate the leaf rust disease. However, disease estimation is faced with much difficulty
at the onset of early symptoms due to the underdevelopment of the disease and the spectral similarity
between the yellow and non-infected areas. The proposed indices better account for explain variations
in disease progressing compared to other common SVIs. Based on this research, it was revealed that in
the common SVIs, data scattering increases as the disease develops. The amount of scattering and
correlation is not the same and depends on the wavelength(s) used. The proposed indices (LRDSI_1
and LRDSI_2) not only have high accuracy but also reduce data dimensionality and speed up the
disease estimation rate. It must be noted that the proposed indices need to be tested on various sensors
and different varieties of wheat in order to be used in precision farming. Also, suggested SDIs must be
tested in different environments, scales, field conditions. Finally, it is highly essential to develop
indices based on spectral variations for other types of vegetation diseases that have various symptoms.
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