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ARTICLE INFO ABSTRACT
Keywords: Early identification of plant fungal diseases is critical for timely treatment, which can prevent
Classification significant agricultural losses. While molecular analysis offers high accuracy, it is often expensive
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and time-consuming. In contrast, image processing combined with machine learning provides a
rapid and cost-effective alternative for disease diagnosis. This study presents a novel approach for
detecting four common fungal diseases in tomatoes, Botrytis cinerea, Fusarium oxysporum, Alter-
naria alternata, and Alternaria solani, using both RGB (visible) and hyperspectral (400-950 nm)
imaging of plant leaves over the first 11 days post-infection. Data sets were generated from leaf
samples, and a range of statistical, texture, and shape features were extracted to train machine
learning models. The spectral signatures of each disease were also developed for improved
classification. The random forest model achieved the highest accuracy, with classification rates
for RGB images of 65%, 71%, 75%, 77%, 83%, and 87% on days 1, 3, 5, 7, 9, and 11, respectively.
For hyperspectral images, the classification accuracy increased from 86% on day 1 to 98% by day
11. Two- and three-dimensional spectral analyses clearly differentiated healthy plants from
infected ones as early as day 3 for Botrytis cinerea. The Laplacian score method further highlighted
key texture features, such as energy at 550 and 841 nm, entropy at 600 nm, correlation at 746
nm, and standard deviation at 905 nm, that contributed most significantly to disease detection.
The method developed in this study offers a valuable and efficient tool for accelerating plant
disease diagnosis and classification, providing a practical alternative to molecular techniques. .
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1. Introduction

Diseases in crop plants are the main reason for reducing the quantity and quality of agricultural production. Although symptoms of
plant diseases might be evident in various parts of plants, the leaves are usually used to diagnose diseases. Diagnosing plant diseases
with the naked eye requires human experts. This method can be accompanied by remarkable error, and a large group of specialists is
required to constantly scout agricultural fields [1]. Although direct detection at the molecular level can accurately classify plant
diseases, it is time-consuming and costly. In comparison, indirect detection based on machine vision is more attractive in practice due
to its non-invasive characteristics and the ability to identify plant diseases through various parameters such as color, morphology, and
temperature changes. Automatic disease diagnosis and monitoring can facilitate timely disease control. This can lead to an increased
product yield, improved product quality, and reduced pesticide application.

Machine vision and image processing have been extensively used to identify and classify plant diseases based on their symptoms [2,
3]. However, this method can only detect disease at late disease development stages, when it might be late for controlling the spread of
disease in the entire field. Technological advances have created opportunities for non-destructive and early identification of plant
diseases through spectroscopy. Hyperspectral imaging has grown significantly in the last two decades for non-destructive investigation
of biotic and abiotic stresses in crops at different spatial and temporal scales [4-6]. Hyperspectral imaging uses a combination of
spectroscopy and imaging techniques to obtain detailed information about the full spectral wavelength of a sample for each pixel in the
image. This is achieved by taking photographs at various wavelengths and combining them to create a three-dimensional hyperspectral
cube. Disease infections can change the biophysical and biochemical characteristics of plants, resulting in structural, spatial, and
physiological changes. These alterations can affect the spectral characteristics of plants, which can be identified by hyperspectral
imaging platforms.

Close-range remote sensing techniques such as spectral, multispectral, and hyperspectral imaging can help diagnose plant diseases
effectively. Hyperspectral imaging is a powerful technology that can capture high spatial and spectral resolutions, offering a superior
advantage over RGB and multispectral imaging [7,8,9]. It can provide hundreds of images covering wavelengths in the visible and
near-infrared range. The most effective, i.e., sensitive, wavelengths can be identified by combining hyperspectral imaging with feature
selection algorithms. This allows to obtain an extensive range of features, including spectral reflectance, vegetation indices, shape,
descriptive statistics, and texture information. These features facilitate a more comprehensive understanding of plant diseases, ulti-
mately aiding in better management practices. Much research has been conducted regarding the use of color and hyperspectral images
in the diagnosis and classification of plant diseases [10].

Yuan et al. [11] investigated the anthracnose disease in tea plants using hyperspectral imaging. By analyzing the images in the
spectral range of 400-1000 nm, they identified wavelengths equal to 542, 686, and 754 nm as the sensitive spectra in detecting the tea
anthracnose disease. They also developed an approach for classifying images containing various backgrounds and showed that the
approach was not affected by the background of leaves. The accuracy of the disease diagnosis for the classification at the pixel and leaf
levels was 94 % and 98 %, respectively. Abdulridha et al. (2020) used hyperspectral imaging in the range of 380-1020 nm and radial
basis function (RBF) machine learning (ML) to develop a technique for detecting powdery mildew in squash at different stages of
disease development. A total of 29 vegetation indices were used to diagnose diseased and healthy leaves, and the classification ac-
curacy was reported as 89 %. Fernandez et al. (2021) investigated the spectral changes caused by powdery mildew in cucumber. They
used hyperspectral imaging in the range of 400-900 nm, and developed a principal component analysis (PCA) model to determine the
sensitive wavelengths in disease diagnosis. They used two spectral variables, the red-well point and the red-edge inflection point, to
extract features. Furthermore, support vector machine (SVM) with linear kernel was used to classify diseased and healthy leaves. The
accuracy of the algorithm six days after the disease transmission was 89 %. Zhang et al. [12] investigated the spectral reflectance of rice
blast disease using a hyperspectral camera in the range of 400-1000 nm. SVM was used to classify diseased and healthy leaves with
classification accuracy of 92.92 %. Wu et al. [13] diagnosed gray mold disease in strawberries using hyperspectral images. The texture
and vegetation characteristics were extracted from images at 400-1000 nm from healthy and 24-h infected leaves. Feature selection
was performed using ReliefF, while extreme learning machine (ELM), SVM, and k-nearest neighbors (k-NN) were used for classifi-
cation, the accuracy of which were 93.33, 93.33, and 96.67 %, respectively.

Assessment of plant diseases using sensors involves three stages: diagnosis, identification, and quantification. Sensors should be
sensitive to the effects of fungal colonization of plant tissue during pathogen development. Hyperspectral imaging has made it possible
to assign pixel-wise spectral signatures to assess small-scale changes typical for the early stages of plant diseases. This information is
instrumental in understanding the fundamental processes of plant biology and fungal pathogenesis. Significant changes in the spectral
signature of host tissue can be detected during early pre-symptom periods, providing the detection of plant diseases before the
emergence of visible symptoms. The literature review shows the limited work on the simultaneous diagnosis of several plant fungal
diseases in different stages of the spread in RGB and hyperspectral images. In the meantime, the simultaneous detection of diseases
with similar symptoms has attracted the attention of researchers since such tasks are difficult for farmers using their naked eyes during
the diagnosis. Several common tomato fungal diseases exhibit similar symptoms on plants. Some of these fungal pathogens include
Alternaria alternata, Alternaria solani, Botrytis cinerea, and Fusarium oxysporum.

A. alternata is a fungus that infects only certain cultivars of tomato plants, causing a condition known as Alternaria tomato stem
canker. The fungus lives in seeds and seedlings and can spread through spores in air or landing on plants. It is often characterized by a
canker that forms on the stem, which is the main symptom of the infection. In severe cases, the cankers enlarge and merge, causing leaf
burn. The symptoms start with yellowing and browning of the lower leaves and then on the tips of the leaves and along the leaf petiole
margins. This progression continues until the entire leaves are diseased and fall off. A. alternata is infectious and can easily spread to
other tomato plants, causing significant economic losses to farmers [14].
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Early blight is a common fungal disease caused by A. solani. The penetration of the disease agent into the plants inside the tank
causes the tissues around the collar to turn black. As these spots spread to the top of the stem, the seedlings inside the tank are
destroyed. The wounds on the stem are irregular, black, and concave and are formed near the junction with the stem. The severity of
disease symptoms is more visible in the lower leaves of the plant. These concentric spots are initially dark green and gradually turn
brown or black. Leaf spots are usually round or angular and cover the entire width of the leaf when the right environmental conditions
are provided. Around the leaf spots, a wide halo with a bright yellow color can be seen. Symptoms on the fruit are also seen as dry and
sunken spots and sometimes with black mold [15].

Gray mold, caused by B. cinerea, infects tomato plants. In this type of disease, during the initial days, small brown spots and burnt
water appear on the parts of the plant that are in contact with the soil or those that are damaged. Then, gray to brown mold forms on
these spots. Eventually, mold grows on young fruits and pods, giving them a fluffy appearance. Sometimes, the symptoms of this
disease appear during fruit storage. In both cases, the damage to the product is very high [16].

Fusarium wilt, caused by F. oxysporum, is one of the important tomato diseases. The symptoms of this disease are wilting, yellowing
of the lower leaves, browning of the veins, and slow growth. Seedlings that are attacked by this fungus in the early stages of growth die
suddenly. Symptoms of the disease can be seen on whole plants in the form of yellowing of the leaves. As the disease continues, the
entire leaf blade turns yellow and remains suspended on the stem. The symptoms of the disease on the infected roots are also in the
form of dark-colored spots of two to 3 cm. Usually, this disease causes paleness, yellowness, and dead plant tissue from one side. In
some cases, with a transverse cut of the stem, very dark vascular tissues can be seen [17].

It is essential to determine the spectral signature and effective features capable of diagnosing the diseases to provide a reliable
disease detection technique. Robust feature selection algorithms can identify these effective features. This study aimed at detecting
four common fungal diseases of tomatoes on days 1-11 after the disease transmission using RGB and hyperspectral imaging. The
diagnosis performance of each type of image, i.e., RGB and hyperspectral, was evaluated in the early, intermediate, and late stages of
the disease development, and the spectral signature of each disease was obtained. Then, the most effective features extracted from the
images as well as the most effective spectral bands extracted for the diagnosis of each disease were identified.

2. Material and methods
2.1. Plant material

Tomato plants were cultivated in a research greenhouse at the Gorgan University of Agricultural Sciences and Natural Resources,
Iran. Tomato seeds (Solanum lycopersicum Var. 4921) were surface disinfected using sodium hypochlorite 1 % for 60 s. They were then

placed in a seedling tray containing coco peat, perlite, sand, field soil, and peat moss with equal proportions. After one month, the
seedlings were transferred into 1-kg pots and kept in the greenhouse with 80 % humidity and a temperature of 20 + 2 °C.

A. solani

F. oxysporum

B. cinerea

D E F

Fig. 1. (A) Collected samples, (B) Washed samples, (C) Sections of disease area, (D) Transferring disease sections to PDA culture medium, (E)
Disease growth in PDA culture medium, and (F) Purification of samples.
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2.2. Sampling and disease isolation from tomato plants

Four tomato fungal pathogens, i.e., A. alternata, A. solani, B. cinerea, and F. oxysporum, which are among the most common and
destructive fungal diseases in greenhouse and field cultivation, were investigated in this study. In order to prepare and isolate the
disease agents, samples were collected from tomato fields. The samples were then placed separately in paper envelopes and kept at a
temperature of 4 °C in the laboratory environment. Using a sterile scalpel, 1 x 1-cm pieces were cut from the infected tissues. The
pieces were surface disinfected in 10 % sodium hypochlorite solution for 10 min and immediately washed twice with water. After
dewatering with filter paper, the samples were cultured on (potato dextrose agar (PDA) nutrient medium. Then, the plates were
incubated for 3-5 days at 25 °C. From the grown colonies that had the characteristics of the disease considered in this study, they were
purified by removing single spore or spore chain. The 5-mm pieces of growing colonies were removed and cultured on PDA.

To stimulate the sporulation pattern, the plates were incubated at 24 °C with a light cycle of 8:16 light:dark for 5-7 days. The
isolates were identified using the general patterns of sporulation, including the arrangement of spores on the spore carrier, the number
of spores in each chain, and the branching pattern of the chains, and the pathogenicity test of the isolates was proved. After 10 days of
purification, the surface of Petri dishes was washed with sterile distilled water. Ten microliters of the solution obtained from disease
spores was taken by a sampler. The number of disease spores and their concentration were determined using a light microscope with a
hemocytometer slide. During the spore counting, the spores attached to the top and right sides of the slides were counted, while the
spores located at the bottom and left were not counted. The number of spores allowed was 5 x 10° spores/mL for each disease. Fig. 1
shows the stages of sampling and disease isolation from tomato plants.

2.3. Transferring the disease to the plants

In order to transfer the diseases to the tomato plants at the stage of 6-8 leaves, fungal suspensions with a concentration of 5 x 105
spores/mL were sprayed on all the aerial organs of the plants. Also, the control plants were sprayed only with sterile water. For a better
transfer of the diseases to the plants, a clean scarper was used to create delicate cuts on the leaves and stems before spraying. A total of
25 pots for each disease as well as 25 pots for the control were considered during the experiments.

F. oxysporum  B. cinerea A. solani  A. alternata

Healthy

Day 1 Day 3 Day 5 Day 7 Day 9 Day 11

Fig. 2. RGB images of tomato plant leaves on days 1-11 after disease transmission.
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2.4. RGB and hyperspectral imaging

Spectral images of healthy and infected leaves were captured daily under laboratory conditions using a spectroscopic camera
(Hyspim HSI-Vis_Nir-15fps, Sweden) with a spectral range of 400-950 nm in 1, 3, 5, 7, 9, and 11 days after the disease transfer to the
plants. The spectral range between 400 and 950 nm provides sufficient information for the diagnosis and classification of most plant
diseases [18]. Plants exhibit unique spectral responses within this range. In particular, changes in the pigmentation and chemical
composition of leaves due to disease can lead to distinct spectral patterns in this range that can be identified and classified using
hyperspectral imaging [19]. Also, to compare each leaf on various days, RGB images were captured with a mobile phone with a
64-pixel camera (Galaxy A32, Samsung, Korea).

Lighting for both RGB and hyperspectral imaging was provided by two halogen sources installed above the leaf, and a dark
background was considered for the samples. To prevent lighting interference, a small dark chamber was prepared where the camera
and halogen lamps were placed inside the chamber. The distance between the leaf samples and the camera was 25 cm so the total area
of each leaf can be visible in the images captured. To avoid shadows in the images, halogen lamps were installed at an angle of 45° with
the horizon. A white paper sample recommended by the manufacturer of the hyperspectral camera was used as a reference to calibrate
the reflection of the leaf. The white paper was captured every 10 min to recalibrate the camera because the irradiance of the light
source used could change over time. For each pathogen type and healthy plants, 100 hyperspectral and 100 RGB images were taken.
Therefore, 500 images per sampling day and 3000 images in total were obtained using the RGB (Fig. 2) and hyperspectral cameras.

2.5. Disease segmentation in RGB images

Background removal is a crucial step in extracting image features for ML tasks. It aims to eliminate any potential noise in the
obtained image features. This study proposes a combination of pixel clustering and edge detection for automatic background removal.
Another critical challenge in natural images is the presence of shadows, as shown in Fig. 3a. To remove the background, first, only the
green color band was extracted from the image, as shown in Fig. 3b, and then the Canny algorithm was used for edge detection (Canny,
1986), followed by morphological dilation to fill in the empty spaces in the image (Fig. 3c and d). In the next step, the holes were filled
(Fig. 3e) to obtain the image without the presence of a background (Fig. 3f).

K-means clustering was used to segment the diseased and healthy parts of the leaves. This method works based on minimizing the
sum of squares of the distance between an object in the image and the corresponding cluster. It includes four steps: (1) picking the
center of the K-th cluster either randomly or based on some heuristics; (2) assigning each pixel to a cluster that minimizes the distance
between the pixel and the cluster center; (3) computing the cluster centers by averaging all the pixels in the cluster; and finally, (4)
repeating steps 2 and 3 until convergence is obtained.

Generally, the selection of the value of K and also the selection of the region of interest (ROI) are made manually, depending on the
skill of the user. Sometimes, ROI might not be selected correctly by the user. This means that for each number of images in the
database, the ROI number should be manually selected to determine the desired area of the disease. This is very time-consuming and
error-prone. Therefore, automatic clustering seems useful for the reliable detection of the disease area in the plant leaves. In this study,
the ROI in the K-means clustering (cluster number indicating the disease) was obtained automatically similar to a method introduced
by Javidan et al. [6,20] which includes thresholding between the color of the disease area (i.e., symptoms) and the color of the healthy
leaf area (Fig. 3g).

2.6. Normalization of hyperspectral images

Multiple factors can impact the performance of ML algorithms, particularly the quality and presentation of the data set. For
instance, a data set that contains redundancies, noise, or unreliable data may hinder the ability of the algorithm to extract meaningful
insights and provide accurate results. Normalization, a data preprocessing technique, can address some of these issues by transforming
the features of a data set to a common scale. By removing potential biases and distortions caused by features of different scales,
normalization can improve the performance of ML algorithms. In summary, normalization is a critical step in preparing data sets for
ML applications and ensures that the algorithms can discover information and provide acceptable performance.

The first step of hyperspectral image analysis involved smoothing the data using the standard normal transformation to reduce

a b c d e f g

Fig. 3. Background removal and disease segmentation in RGB images, (a) original image, (b) extracting green color band from the image, (c) edge
detection, (d) morphological dilation to connect edges, (e) filling in the holes in the edge image, (f) the background removal results, and (g) disease
segmentation results. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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outliers, reconstruct the data into a relational domain, improve data integrity, and provide data smoothing. For this purpose, the
probability density function was used (Eq. (1))

1 —<
,0)= 1
flxn.o) = e )
where
X —p?
¢= 20) 2)

and p is the mean and o is the standard deviation. Inflection points are essential indicators of change within data sets. In healthy data
samples, second-order divided differences are used to reveal where these inflection points occur and how they vary across different
categories of infected samples. These variations serve as unique identifiers of the samples’ signatures, which are presented in this work.
The higher-order data functions developed in this work allow for the categorization of plants into their respective classes (healthy and
diseased) based on the correlation of these functions at regions of interest in the spectrum. This process reveals the unique features of
each sample, providing a precise and accurate assessment of plant health. Fig. 4 shows the spectra before and after normalization.

2.7. Feature extraction

The similarity of the primary symptoms of the fungal diseases examined in this research made it difficult to visually distinguish the
lesions of the diseases. With the process of spreading the disease in the plant, symptoms such as yellowing, withering, and growth
disorders appear, and gradually with the provision of suitable conditions and the growth of the disease agents in the plant, the
symptoms of the disease spread and cover a larger part of the plant. The effects of damage appear as symptoms of the disease in various
degrees according to the plant tolerance level.

Obtaining the most relevant features from images is crucial for effective disease diagnosis in plants. Plant disease detection and
classification based on images is challenging since they are exposed to different lighting conditions, can be affected by noise, and may
undergo various transformations, including changes in the angle and height of the camera relative to the image sample [21]. This
emphasizes the extraction of scale-invariant features that are not affected by the distance and angle of the camera during image
acquisition. Color and texture features can provide us with useful scale-invariant information in plant disease diagnosis [22].
Descriptive color statistical features (mean, maximum, standard deviation, median) and texture features from gray-level co-occurrence
matrix (GLCM) (contrast, correlation, energy, homogeneity, mean, standard deviation, entropy, root mean square (RMS), variance,
smoothness, kurtosis, skewness, and inventive design method (IDM)) in each spectrum of hyperspectral images and each color band in
color models of RGB, HSV, and 1*a*b for RGB images (Fig. 5), as well as shape features (area, perimeter, number of objects, major and
minor axis length of the spots, eccentricity index, circularity, circular index, compression index, and shape factors), were extracted
from the images. During extracting texture features from the GLCM, the distance and direction were considered 1 pixel and 0°,
respectively, according to the literature [23]. Table 1 shows the features extracted from RGB and hyperspectral images used in this
research along with their description.

2.8. Feature selection
Identifying the most effective features in improving the classification results is one of the main challenges of ML. It is necessary to

provide a list of the most influential features extracted for each disease in various spectrum/color bands to be used in the diagnosis of
plant diseases. In this situation, the most effective features among descriptive statistical, texture, and shape features can be introduced

1 >
400 500 550 600 650 700 750 800 850 200
wave

Fig. 4. Spectral data before (top) and after (bottom) the normalization process.
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Color Band Equation Picture of color bands
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Fig. 5. Disease symptoms in RGB, HSV, and 1*a*b color spaces and the features in each band.

as a kind of spectral/color signature in recognizing plant diseases.

Many algorithms have been proposed for feature selection, of which the Laplacian score method has shown great performance in
problems related to image-based object detection [27-29]. This method, which is used in this work for feature selection, considers the
fact that the data of the same class are usually located in the neighborhood of each other in the feature space. The importance
(relevance) of a feature can be measured by calculating its power in preserving the locality information of the samples. In this method,
samples are first mapped to a nearest-neighbor graph using an arbitrary distance measure. Then, the Laplacian scores are calculated for
the features. Features that are more important (more relevant) than other features will have a lower Laplacian score than other features
and vice versa. In the end, a clustering method such as K-means is used to determine the best subset of features.

2.9. Classification methods

Classification is one of the main subfields of data mining and ML and is used to learn how to assign a class label to an input sample
[30]. In this study, various machines, including SVM, k-NN, decision tree (DT), and random forest (RF) were used to classify RGB and

hyperspectral images.
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Features extracted from RGB and hyperspectral images for disease diagnosis.
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Feature

Description

Reference

Descriptive color statistical features (1-36)

Mean
Maximum
Standard

Deviation
Median

he average value of the data.
The largest value in the data.
A measure of the spread of the data.

The number in the middle of the data set when it is sorted in increasing order.

Textural features (37-154)

Contrast
Correlation
Energy
Homogeneity
Mean
Standard
Deviation
Entropy
RMS
Variance
Smoothness
Kurtosis
Skewness

IDM

This is a measure of the intensity difference between neighboring pixels.
The degree of linear dependence between neighboring pixels.

The sum of the squares of all the possible patterns of intensity difference
between neighboring pixels in all directions.
Measures the uniformity of the neighboring pixels

The average intensity value of neighboring pixels.
Measures the spread of the intensity values of the neighboring pixels.
Measure of the amount of information stored in the texture image.

Measures the square root of the average of the sum of the squares of the
difference between intensity values of neighboring pixels.
A measure of the spread of the intensity values of the neighboring pixels.

Measures the degree to which the neighboring pixels have similar intensity
values.

A measure of the peakedness of the distribution of the intensity values of the
neighboring pixels.

A measure of the asymmetric distribution of the intensity values of the
neighboring pixels.

A sophisticated GLCM feature that captures complex texture features in the
neighborhood of a pixel.

Shape features (155-166)

Area
Perimeter

Number of
objects
Major axis
length
Minor axis
length
eccentricity
index
Circularity

Circular index

Compactness
index

Shape factors 1

Shape factors 2

Shape factors 3

The mean of number of pixels in each region segmented in the image

The mean of number of boundary pixels on each region segmented in the
image
Number of disease spots in the leaf image

The distance along the longest axis of an object, in pixels or other appropriate
units.

The distance along the shortest axis of an object, in pixels or other
appropriate units.

A measurement of the difference between the lengths of the major and minor
axis, normalized to range between 0 and 1.

A ratio of a circle to the bounding box of an object, with a value of 1
indicating a perfect circle and values approaching 0 indicating a more
complex or amorphous shape.

Mean of circularity of each segmented region in the image

Mean of circularity of each segmented region in the image

Dimensionless numerical values calculated based on at least two simple
shape measures, which makes them independent to object orientation,
translation, and scale. These features may provide useful information for the
morphological description of plants. Primary shape features, namely area,
perimeter, and major and minor axis length values of each plant are extracted
from binary images

x["“] i nisodd

g
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Ashfagq et al.
[24]
Ashfaq et al.
[24]
Ashfagq et al.
[24]
Ashfagq et al.
[24]

Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]
Haralick et al.
[25]

Vishnoi et al.
(2021)
Vishnoi et al.
(2021)

Vishnoi et al.
(2021)
Vishnoi et al.
(2021)
Vishnoi et al.
(2021)
Vishnoi et al.
(2021)

Javidan et al.
[26]

Javidan et al.
[26]

Javidan et al.
[26]

Javidan et al.
[26]

Javidan et al.
(2024)
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2.10. Performance evaluation criteria

Accuracy (Eq. (3)), precision (Eq. (4)), sensitivity (Eq. (5)), specificity (Eq. (6)), and F-measure (Eq. (7)) were used to investigate
the performance of the models

(TP + TN)

Accuracy = TP+ TN+ FP £ FN) 3)
Precision = % (C))
Sensitivity = %\I %)
Specificity = WT—_I:IFP 6)
F — Measure — 2 X (Precision x Sensitivity) e

(Precision + Sensitivity)

where TP, TN, FP, and FN are true positives, true negatives, false positives, and false negatives, respectively.
3. Results and discussion
3.1. Disease classification results in RGB and hyperspectral images

After extracting the descriptive color statistical, texture, and shape features from RGB and hyperspectral images to construct data
sets for both groups of images, classification was performed to recognize five classes including four classes for the diseases and one for
the healthy leaves. Table 2 shows the accuracy of disease classification by various ML models utilizing RGB and hyperspectral imaging
(HSI) data for days 1, 3, 5, 7, 9, and 11. According to the table, the classification results using hyperspectral data are better than those
using RGB data in all ML models investigated in this work. The classification performance in all models has increased over time, which
is due to the growth and expansion of the diseases throughout the infected plants, increasing the infected area on plant leaves. The
disease classification accuracy using SVM, k-NN, DT, and RF models on day 11 for RGB images was 70, 55, 65, and 87 %, respectively.
The accuracy for hyperspectral images on day 11 was 91, 82, 87, and 98 %, respectively, showing the promising performance of the RF
model in both types of imaging (see Table 3).

To further investigate the performance of the RF model in classifying the diseases, precision, sensitivity, specificity, and F-measure
values were calculated for each group of diseases. Using hyperspectral images led to higher classification accuracies; the lowest ac-
curacy was 86 % for day 1, and the highest accuracy was 98 % for day 11. A total of 650 spectral bands in the hyperspectral images
improved the performance of the classification algorithm in analyzing more relevant data for more accurate classification. However,
more time was required for the classification. On the other hand, the RGB images were analyzed only in nine color bands, and their
highest classification accuracy was 87 % on day 11, i.e., when the diseases showed more visible symptoms. Xie et al. [31] worked on
eight texture features from hyperspectral images for two diseases in tomato plants, i.e., early blight and late blight, and the classifi-
cation accuracy in their proposed method was about 78 %. They only extracted texture features and did not examine the results for
different days of disease transmission. Also, they did not compare the performance of the classification utilizing RBG and hyperspectral
images.

3.2. Spectral signatures of the tomato fungal diseases

Fig. 6 shows the spectral signatures of the tomato plant diseases investigated in this work on days 1-11 for an arbitrary pixel in the

Table 2
Accuracy of the ML models for classification of common tomato fungal diseases.
Type of imaging ML models Accuracy %
Day 1 Day 3 Day 5 Day 7 Day 9 Day 11
RGB SVM 55 57 61 63 66 70
k-NN 42 45 47 50 52 55
DT 50 53 56 58 61 65
RF 65 71 75 77 83 87
HSI SVM 73 76 78 82 87 91
k-NN 70 73 75 77 79 82
DT 71 76 78 80 84 87
RF 86 90 92 95 97 98
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Table 3
Classification results using RGB images and the RF model for each disease type on days 1-11.

Day 1= 65 % Day 3=71%

AA AS BOT FUS H AA AS BOT FUS H
TP 9 12 14 11 19 TP 9 12 14 11 19
FP 9 9 12 4 1 FP 9 9 12 3 1
FN 17 11 3 3 1 FN 17 11 2 3 1
TN 65 68 71 82 79 N 64 67 71 82 78
Precision 0.50 0.57 0.54 0.73 0.95 Precision 0.50 0.57 0.54 0.79 0.95
Sensitivity 0.35 0.52 0.82 0.79 0.95 Sensitivity 0.35 0.52 0.88 0.79 0.95
Specificity 0.88 0.88 0.86 0.95 0.99 Specificity 0.88 0.88 0.86 0.96 0.99
Accuracy 0.65 0.65 0.65 0.65 0.65 Accuracy 0.66 0.66 0.66 0.66 0.66
F-Measure 0.41 0.55 0.65 0.76 0.95 F-Measure 0.41 0.55 0.67 0.79 0.95
Day 5=75% Day 7=77 %

AA AS BOT FUS H AA AS BOT FUS H
TP 12 12 21 10 20 TP 10 11 15 21 20
FP 6 8 7 4 2 FP 10 5 4 1 2
FN 13 6 4 3 1 FN 8 7 3 3 1
TN 71 76 70 85 79 N 71 76 77 74 76
Precision 0.67 0.60 0.75 0.71 0.91 Precision 0.5 0.69 0.79 0.95 0.91
Sensitivity 0.48 0.67 0.84 0.77 0.95 Sensitivity 0.56 0.61 0.83 0.88 0.95
Specificity 0.92 0.90 0.91 0.96 0.98 Specificity 0.88 0.94 0.95 0.99 0.97
Accuracy 0.74 0.74 0.74 0.74 0.74 Accuracy 0.78 0.78 0.78 0.78 0.78
F-Measure 0.56 0.63 0.79 0.74 0.93 F-Measure 0.53 0.65 0.81 0.91 0.93
Day 9= 83 % Day 11= 87 %

AA AS BOT FUS H AA AS BOT FUS H
TP 13 14 15 19 22 TP 13 20 20 19 15
Fp 9 3 1 1 3 FP 2 6 5 0 0
FN 4 6 6 1 0 FN 9 4 0 0 0
TN 74 77 78 79 75 TN 76 70 75 81 85
Precision 0.59 0.82 0.94 0.95 0.88 Precision 0.87 0.77 0.80 1.00 1.00
Sensitivity 0.76 0.70 0.71 0.95 1.00 Sensitivity 0.59 0.83 1.00 1.00 1.00
Specificity 0.89 0.96 0.99 0.99 0.96 Specificity 0.97 0.92 0.94 1.00 1.00
Accuracy 0.83 0.83 0.83 0.83 0.83 Accuracy 0.87 0.87 0.87 0.87 0.87
F-Measure 0.67 0.76 0.81 0.95 0.94 F-Measure 0.70 0.80 0.89 1.00 1.00

AA: A. alternata, AS: A. solani, BOT: B. cinerea, FUS: F. oxysporum, and H: healthy samples.

diseased area. The plots are drawn versus the spectral signature of healthy plants. Any change in the spectral response of diseased
plants compared to healthy plants can lead to the identification of the disease. This spectral distinction can help diagnose and identify
the disease in early stages. Spectral reflectance of healthy leaf tissue from adjacent pixels on a leaf section was completely homoge-
neous. Minor changes were due to slight heterogeneity of leaf texture, the surface structure of tomato leaves, and its interaction with
radiation.

According to Fig. 6, on the first day, the ranges (signatures) of all four disease groups and healthy leaves are similar, making it
impossible to identify the disease on this day. This can be seen in both the visible and invisible ranges. On day 3, B. cinerea showed clear
spectral differences (symptoms) in the spectral range of 530-580 nm (visible range) and 740-900 nm (invisible range), meaning that
pixel reflection in this disease is different from the reflection of the healthy pixel.

Over time, spectral changes were observed with the spread of the disease in the leaves of the plant and the establishment of the
disease in the healthy area of the leaf, as well as the reaction of the initially infected tissue to dry and necrotic tissue. In F. oxysporum,
the difference with the healthy spectrum was observed in the spectral ranges of 500-650 nm and 700-950 nm on day 5. On this day,
the response (spectral signature) for A. alternata disease was still similar to the third day. The difference was observed in A. alternata
and A. solani on day 7. In the following days, with the further spread of the disease in all four groups, noticeable changes in the
spectrum of the disease compared to the healthy spectrum were observed. Therefore, clear differences between healthy samples and
B. cinerea, F. oxysporum, A. alternata, and A. solani were found on days 3, 5, 7, and 7 after the disease transmission to the plant,
respectively.

Fig. 7 shows the spectral signatures of the studied diseases compared to the signatures of healthy leaves on the first day of exerting
clear differences with healthy leaves. As can be seen in the figure, the spectral data for the four groups of diseases are more effective in
the ranges of 500-550 nm and 740-950 nm for identifying and diagnosing the disease in the early stages.

The average spectral signatures of diseased samples compared to healthy samples are shown in three-dimensional plots in Fig. 8 for
an arbitrary pixel row selected from the diseased area. These spectral signatures can be used as a marker for various diseases and help
identify the diseases. The spectral reflectance recorded for A. alternata in the range of 550-950 nm was lower than that of the healthy
plants, making this range a good indicator for disease identification. In the case of A. solani disease, the spectral reflectance in the range
of 550-950 nm showed fewer differences with healthy leaves than the A. alternata disease. The symptoms of B. cinerea caused a change
in spectral reflectance in the range of 700-950 nm compared to healthy plants. Finally, the symptoms of F. oxysporum disease, which
had a spectral signature more distinct than all other diseases, showed a strong light reflection in the ranges of 500-650 nm and
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Fig. 6. Spectral signatures in healthy (blue lines) and diseased (red lines) samples from day 1-11 after the disease transmission. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

700-950 nm compared to the healthy plants.

Research confirms that plant-pathogen interactions induce unique spectral signatures due to the involvement of different chemicals
[32]. Hyperspectral imaging technology allows for the analysis of the interaction between plants and light, including transmission,
absorption, and reflection [33]. However, limitations in existing transmittance sensors hinder the measurement of both reflectance and
transmittance [34]. Different substances, including chlorophyll, exhibit specific absorption and reflectance values in specific wave-
bands, leading to unique spectral features [35]. Reflectance peaks near 550 nm and 700 nm correspond to the strong reflection region
of chlorophyll, and the red edge phenomenon results from the low red reflectance and high internal leaf scattering of chlorophyll [36].
Moisture absorption troughs near 1470 nm and 1940 nm and low reflectance in the range of 1300-2500 nm indicate plant moisture
content and CO, emissions [37,38]. Hyperspectral imaging of biological processes during plant-pathogen interactions enables disease
detection using hyperspectral imaging technology [39,40]. The spatial resolution of hyperspectral cameras can be improved using a
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(C) B. cinerea, (D) F. oxysporum, and (E) healthy samples. Both raw (right) and preprocessed (left) data are shown in the figure.
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hyperspectral microscope to study diseases at smaller scales [41]. Changes in reflectance can be attributed to damage to the chemical

components of the leaf surface, necrotic tissue, or typical fungal structures, resulting in chlorosis [42,43]. The accuracy and efficiency

of disease detection and classification using hyperspectral imaging technology can positively affect plant management and crop yields
(Behmann et al., 2015) (see Table 4).

3.3. Feature selection results

The effective features and bands in two groups of RGB and hyperspectral images are shown in Table 5. Among the top ten selected
features, the texture features had the most impact, followed by the descriptive color statistical and shape features. As can be seen in the
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Table 4
Classification results using hyperspectral images and the RF model for each disease type on days 1-11.
Day 1= 86 % Day 3= 90 %
AA AS BOT FUS H AA AS BOT FUS H
TP 15 14 15 20 22 TP 17 17 20 16 20
FP 9 1 3 1 0 FP 3 4 2 1 0
FN 2 6 6 0 0 FN 3 4 0 3 0
TN 74 79 76 79 78 TN 77 75 78 80 80
Precision 0.63 0.93 0.83 0.95 1.00 Precision 0.85 0.81 0.91 0.94 1.00
Sensitivity 0.88 0.70 0.71 1.00 1.00 Sensitivity 0.85 0.81 1.00 0.84 1.00
Specificity 0.89 0.99 0.96 0.99 1.00 Specificity 0.96 0.95 0.98 0.99 1.00
Accuracy 0.86 0.86 0.86 0.86 0.86 Accuracy 0.90 0.90 0.90 0.90 0.90
F-Measure 0.73 0.80 0.77 0.98 1.00 F-Measure 0.85 0.81 0.95 0.89 1.00
Day 5=92 % Day 7=95%
AA AS BOT FUS H AA AS BOT FUS H
TP 19 24 15 19 15 TP 18 17 19 19 22
Fp 4 1 1 2 0 FP 1 2 0 2 0
FN 3 0 5 0 0 FN 3 0 1 1 0
TN 74 75 79 79 85 N 78 81 80 78 78
Precision 0.83 0.96 0.94 0.90 1.00 Precision 0.95 0.89 1.00 0.90 1.00
Sensitivity 0.86 1.00 0.75 1.00 1.00 Sensitivity 0.86 1.00 0.95 0.95 1.00
Specificity 0.95 0.99 0.99 0.98 1.00 Specificity 0.99 0.98 1.00 0.98 1.00
Accuracy 0.92 0.92 0.92 0.92 0.92 Accuracy 0.95 0.95 0.95 0.95 0.95
F-Measure 0.84 0.98 0.83 0.95 1.00 F-Measure 0.90 0.94 0.97 0.93 1.00
Day 9= 97 % Day 11= 98 %
AA AS BOT FUS H AA AS BOT FUS H
TP 16 19 21 19 22 TP 22 23 19 19 15
Fp 1 0 2 0 0 FP 0 1 0 1 0
FN 1 1 0 1 0 FN 0 1 1 0
N 82 80 77 80 78 TN 78 75 80 80 85
Precision 0.94 1.00 0.91 1.00 1.00 Precision 1.00 0.96 1.00 0.95 1.00
Sensitivity 0.94 0.95 1.00 0.95 1.00 Sensitivity 1.00 0.96 0.95 1.00 1.00
Specificity 0.99 1.00 0.97 1.00 1.00 Specificity 1.00 0.99 1.00 0.99 1.00
Accuracy 0.97 0.97 0.97 0.97 0.97 Accuracy 0.98 0.98 0.98 0.98 0.98
F-Measure 0.94 0.97 0.95 0.97 1.00 F-Measure 1.00 0.96 0.97 0.97 1.00
AA: A. alternata, AS: A. solani, BOT: B. cinerea, FUS: F. oxysporum, and H: healthy samples.
Table 5
Effective features and bands in identifying and classifying diseases in RGB and hyperspectral images.
HSI RGB
Rank Features Type Feature Selected Band (nm) Rank Features Type Feature Selected Band
1 Texture Energy 550 1 Texture Entropy 1
2 Texture Entropy 600 2 Descriptive statistics Median G
3 Descriptive statistics Max 480 3 Texture Standard Deviation R
4 Descriptive statistics mean 663 4 Descriptive statistics mean 1
5 Texture Correlation 746 5 Texture Energy R
6 Texture Standard Deviation 886 6 Shape Perimeter -
7 Descriptive statistics Median 850 7 Texture Median b
8 Descriptive statistics Median 460 8 Texture Skewness H
9 Texture Energy 841 9 Descriptive statistics mean G
10 Texture Standard Deviation 905 10 Shape Area -

images of disease symptoms, texture and color characteristics are clearly effective in diagnosing the study diseases. According to
Table 5, energy, entropy, and standard deviation are among the most essential features during the disease diagnosis. Energy is a useful
feature in plant disease detection and classification because it measures the intensity of the spectral signal at different frequencies.
Changes in the texture and structure of plant leaves, stems, or roots caused by diseases can result in changes in the energy distribution
of spectral data. High energy values can indicate the presence of healthy vegetation, while lower energy values may correspond to
diseased or damaged vegetation [44]. Entropy is also a useful feature in plant disease detection because it measures the randomness or
disorder in a set of data, in this case, the spectral data of plant leaves, stems, or roots. Higher entropy values may correspond to areas of
variability in plant coloration, caused by a variety of disease-related changes. Standard deviation is also an essential feature in plant
disease detection because it measures the spread of data around its mean value. Higher standard deviation values may indicate greater
variability in the spectral data, implying the presence of disease-related changes. Chen et al. (2022) proposed a method to detect
bacterial wilt disease of tomatoes on leaf and stem. They used a combination of genetic algorithms and SVM and showed that disease
diagnosis on the stem with an accuracy of 92.6 % is better than the diagnosis on the leaf with an accuracy of 90.7 %. In previous studies
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using hyperspectral images for crop disease monitoring, spectral and textural features were used simultaneously to develop a reliable
disease detection model [45-48].

Median, maximum, and mean are commonly used color features in RGB and hyperspectral image analysis. The median is a robust
measure of the central tendency of a sample or population. It is often preferred over the mean for its stability to outliers and less
sensitivity to the presence of extreme values. In plant disease detection using hyperspectral imaging data, the median can provide a
robust measure of the average gray-level value of healthy vegetation. The median is also useful in identifying changes in the spectral
properties or gray-level composition of diseased vegetation by identifying areas with lower median values. Maximum is the largest
value in a sample or data set. In plant disease detection using hyperspectral imaging data, the maximum can help identify areas of
intense or highly variable vegetation. Mean is the arithmetic average, being the representative measure of the central tendency of a
sample or population. Mean can be useful in identifying changes in the spectral properties or gray-level composition of diseased
vegetation.

Studies on diagnosing and classifying plant diseases have focused more on texture features than other features ([49]; Zhang et al.
[50]. Pourreza et al. [51] investigated hyperspectral images for strawberry diseases. They selected texture features from images at the
wavelength of 591 nm. The researchers believe that using only one image at one wavelength to extract texture features may not be
appropriate, as some useful texture features may be present at other wavelengths [50]. Therefore, all wavelengths should be examined
and feature selection algorithms should be used to select the best ones [31].

The shape features are rarely used in plant disease detection studies since they are not scale-invariant features. In a fixed lighting
and image acquisition situation, perimeter and area are useful features in hyperspectral image analysis for plant disease detection since
they can provide qualitative information about the size, shape, and extent of the affected area of the plant, which can be useful in
identifying and differentiating between healthy vegetation and vegetation with disease-related changes.

3.4. Practical applications of the results

This study emphasizes the superiority of hyperspectral data of the plant leaves compared to their RGB data in plant disease
diagnosis. Using hyperspectral imaging, it was found that three days after the transmission of fungal diseases to tomato plants was a
reliable stage to identify the type and severity of the diseases, with an accuracy of 92 %. The detection accuracy on day 3 was 71 %
when using RGB images for disease identification. Besides, the most differences among the diseases at various stages of growth were
obtained at the ranges of 500-550 nm and 740-950 nm. This means that constructing a hand-held optical device equipped with several
light-emitting diodes/photodiodes that emit/receive light in the range of visible 500-550 nm and near-infrared 740-950 nm can
provide the necessary data to identify major tomato fungal diseases with a promising performance. In this condition, a low-cost
portable (or UAV-based) device can also be used for the detection tasks instead of transferring the leaf samples to a laboratory for
wide-range hyperspectral imaging using costly equipment. Moreover, instead of implementing a real-time machine-learning decision-
making unit in the device that increases the detection’s costs, the spectral data obtained by the sensor can be transferred to a server
equipped with a high-performance processor through an Internet of Things (IoT) platform, and the results of disease identification can
be available to the user in near real-time.

3.5. Discussion

Changes in plant pigments during disease can occur due to a decrease in photosynthesis and alterations in plant biochemical
processes. During disease development, leaves may undergo necrosis, causing the loss of chlorophyll pigmentation, leading to a
decrease in the green color [52]. Pigments are chemical compounds, including chlorophyll, carotenoids, and anthocyanins, being
essential for photosynthesis and plant coloration. Pigments can be altered by pathogens affecting the host plant’s physiological,
biochemical, and metabolic properties, altering optical features [53,54]. It should be noted that the spectral properties of leaves are not
static, but rather change over time with various factors such as plant growth, senescence, decay, and disease development [55]. Despite
the potential of hyperspectral imaging for plant disease diagnosis, the complex nature of the hyperspectral data and the need for
efficient processing methods are significant challenges to maximizing its capabilities for identifying and managing plant diseases [56].

Image data acquisition with high precision and resolution allows the sensor to capture detailed information from the electro-
magnetic spectrum. However, the large number of variables (i.e., features, wavelengths) measured leads to high-dimensional data that
increases the complexity of processing to produce relevant information [57]. In addition, the spectral data assessed in near-contiguous
variables likely exhibits similar or overlapping information, leading to potential data redundancy and increased complexity in the
analysis interpretation and the chance of overfitting occurrence [58]. As a result, feature selection methods have been developed to
identify the most relevant and distinctive spectral features without sacrificing important information. In recent years, the demand for
ML-enabled spectral sensing systems to identify plant diseases has increased. These systems often rely on ML models for processing the
hyperspectral data, with the goal of maximizing the accuracy of disease identification [59]. However, the complexity of these models
and the need for efficient processing methodologies to produce accurate and interpretable results are significant challenges to
unlocking the full potential of hyperspectral imaging for improved plant disease diagnosis and management [60]. Table 6 compares
several key studies on the diagnosis and classification of tomato diseases, including the present study.

The classification of diseases with almost identical symptoms is challenging. To address this challenge, the results obtained by the
feature selection algorithm showed that groups of different features such as texture, color, and shapes have an essential role in
classification. Another challenges are not diagnosing the disease in the early days and the limited spectrum of color cameras. Using
hyperspectral cameras helps users to detect diseases in the early stages and prevent their spread in the field. Plant disease detection
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Table 6
Comparison of several studies on tomato disease diagnosis using image processing.
Diseases/pathogen Wavelength Range Feature Extraction Classifier Accuracy (%) References
B. cinerea 380-1023 nm Mean reflectance values k-Nearest Neighbors (k-NN) 61 Xie et al. [61]
of the region of interest
(ROD)
Late blight, target spots, ~ 400-2400 nm Vegetation Indices k-Nearest Neighbors (k-NN) Asymptomatic = Lu et al. [62]
and bacterial spots 63
Early Stage = 74
Late Stage = 77
Spotted wilt virus 395-1005 nm - OR-AC-GAN 96 Wang et al.
[33]
Yellow leaf curl, 380-1020 nm Vegetation Indices Stepwise Discriminant Analysis 95 Abdulridha
bacterial spot and (STDA) 83 et al. (2020)
target spot Radial Basis Function (RBF)
Tomato chlorosis virus 310-1100 nm - XY-fusion network (XY-F) 88 Morellos et al.
Multilayer Perceptron with 92 [63]
Automated Relevance
Determination (MLP-ARD)

Leaf mildew 900-1700 nm Texture + color + shape  backpropagation neural network 97 Zhang et al.
(BPNN) + Genetic Algorithm (GA) [50]

A. dalternata, A. solani, 400-950 nm for Descriptive statistics, Random forest and Random forest For RGB images: This Study
B. cinerea, and hyperspectral Texture, and Shape + Laplacian Score Asymptomatic =
F. oxysporum Imaging 65

RGB, HSV, and 1*a*b Early Stage = 75

for RGB Images Late Stage = 87
For hyperspectral
images:
Asymptomatic =
86

Early Stage = 92
Late Stage = 98

The most remarkable challenge in past research is the lack of large data sets to be used in various deep learning methods such as convolutional neural
networks [33]. Deep learning methods are usually considered black box methods, meaning that the features extracted in a network cannot be
categorized as shape/color/texture features [6]. Therefore, the correct extraction of the main features such as texture, color, and shape from the
images of diseased leaves to train the ML methods is a more effective approach when the data set is not large [50].

based on only RGB color images is still not accurate and robust especially when the number of diseases with similar symptoms to detect
increases [21].

Hyperspectral cameras are rather expensive and require an expert to operate them, while a cellphone is sufficient to take RGB
images. Although ML-based models have shown significant performance in some applications [64,65], they can still require extensive
training data and well-defined algorithms to accurately diagnose plant diseases. Additionally, using such methods requires the
availability of appropriate hardware, software, and technical expertise, which might be limiting for some users [66]. There are lim-
itations associated with the use of plant disease diagnosis technology by RGB and hyperspectral image processing, especially related to
the collection and management of large amounts of quality data required to train ML models. Despite these limitations, digital image
analysis is still an emerging and promising field in plant disease diagnosis and assessment, and its accuracy and efficiency are expected
to be improved with further research and development.

4. Conclusion

A method for early identification of four common tomato diseases has been presented based on their spectral signature and
morphological characteristics. For this purpose, hyperspectral and RGB images were used to classify the diseases from the first to the
eleventh day after the transmission of the disease. A data set was prepared based on RGB and hyperspectral images collected on days 1,
3,5,7,9, and 11 after disease transmission. The spectral signatures of the diseases were recognized using the Laplacian score feature
selection algorithm, while a reliable disease detection was obtained in the early stages of disease development using the RF model. The
results showed that the proposed ML-based method can identify B. cinerea on day 3 after disease transmission, F. oxysporum on day 5,
and A. alternata and A. solani on day 7. The disease classification accuracy using RGB images on days 1, 3, 5,7, 9, and 11 was 65, 71, 75,
77, 83 and 87 %, respectively, while using hyperspectral images, the accuracy was 86, 90, 92, 95, 97 and 98 %, respectively. The
findings of this research show that compared to RGB visible image processing, hyperspectral imaging has a reliable performance in
classifying tomato fungal diseases in early disease development stages.
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