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Abstract: Leaf blast is recognized as one of the most devastating diseases affecting rice production
in the world, seriously threatening rice yield. Therefore, early detection of leaf blast is extremely
important to limit the spread and propagation of the disease. In this study, a leaf blast-specific spectral
vegetation index RBVI = 9.78(Rg16 — Ry4) — 2.08(p736/ Ry724) was designed to qualitatively detect
the level of leaf blast disease in the canopy of a field and to improve the accuracy of early detection of
leaf blast by remote sensing by unmanned aerial vehicle. Stacking integrated learning, AdaBoost,
and SVM were used to compare and analyze the performance of the RBVI and traditional vegetation
index for early detection of leaf blast. The results showed that the stacking model constructed based
on the RBVI spectral index had the highest detection accuracy (OA: 95.9%, Kappa: 93.8%). Compared
to stacking, the detection accuracy of the SVM and AdaBoost models constructed based on the RBVI
is slightly degraded. Compared with conventional SVIs, the RBVI had higher accuracy in its ability
to qualitatively detect leaf blast in the field. The leaf blast-specific spectral index RBVI proposed in
this study can more effectively improve the accuracy of UAV remote sensing for early detection of
rice leaf blast in the field and make up for the shortcomings of UAV hyperspectral detection, which is
susceptible to interference by environmental factors. The results of this study can provide a simple
and effective method for field management and timely control of the disease.
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1. Introduction

Rice is one of the most important food crops in the world and is the main food
ration for nearly half of the world’s population [1,2]. However, with the change in global
climate, the outbreak of rice diseases has been exacerbated by the frequent occurrence
of abnormal weather, such as typhoons and heavy rains. Leaf blast, caused by the rice
blast fungus, is considered the most infectious and destructive fungal disease in the major
rice-growing regions of the world [3]. Under cloudy and rainy weather conditions, leaf
blast can break out throughout rice’s growth and development period and spread quickly,
and pathogenicity is strong. At the same time, leaf blast disease develops in rice leaves,
causing serious damage to leaf tissue cells, reducing photosynthesis in rice plants, and
affecting rice growth and development. Disease fungi can form conidia between 10 and
35 °C (25-28 °C is optimal) and spread rapidly between plants by air and water currents,
invading rice plants and spreading to neighboring cell tissues, causing disease in rice
plants [4]. Under normal circumstances, leaf blast reduces rice yield by 10-30%. And under
favorable climatic conditions, it will lead to 90-100% yield loss in rice [5]. In addition to
causing yield loss, leaf blast can also jeopardize the natural environment. The application
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of deleterious agents after leaf blast is the main measure to control the further spread of the
disease. However, excessive or indiscriminate application of disease control agents will
not only lead to plant damage but also more likely to lead to the pollution of the natural
environment (e.g., water and soil) in the field, and the misuse of agents will also increase
the production cost of farmers. Therefore, there is an urgent need for a rapid, efficient, and
large-scale detection tool for the precise detection and control of rice leaf blast.

Accurate early detection of diseases in the field environment is an important measure
to prevent and control large-scale outbreaks of rice leaf blast, as well as a key link to
reducing the abuse of pharmaceuticals and avoiding environmental pollution. Up to now,
the early detection of crop diseases has been mainly carried out by visual hand inspection.
This method relies heavily on experienced plant protection staff to conduct visual field site
inspections or field sampling. This method has high accuracy and reliability. However,
it needs to consume a lot of human and material resources. Another method with high
accuracy is the biochemical detection (polymerase chain reaction) method. However, this in-
house method requires more specialized knowledge and sophisticated testing instruments.
It is difficult to meet the current requirements for efficient and accurate early detection
and control of rice diseases. At the same time, both of these methods suffer from the
inability to detect large crop areas rapidly. In recent years, many researchers have gradually
favored remote sensing technology as an emerging crop detection technology [6,7]. At the
same time, the technology is one of the few detection means that can rapidly obtain crop
growth and development information over a large area [8]. Many studies have shown that
remote sensing technology has good potential for application in several crop information
detection fields, such as crop nutrition detection, growth detection, and disease detection.
In disease detection, hyperspectral remote sensing technology can effectively distinguish
crop diseases due to its rich narrowband and high resolution to obtain subtle changes
in crop physiological and biochemical characteristics caused by various stresses [9,10].
However, although hyperspectral remote sensing data have shown great advantages in
disease detection, the large number of narrow bands and spectral information in the data
bring more redundant feature information for the use of the data. On the other hand, the
high cost of hyperspectral instrumentation has also greatly limited the popularization and
application of this technology.

Data dimension reduction is the main way of hyperspectral data processing and the
key to obtaining effective disease features. Existing data downscaling methods can be
categorized into feature compression, feature wavelength screening, and vegetation indices
(VIs) extraction. Feature compression can compress, and dimension reduction reduces
the dimensionality of the original spectral data and decreases the influence of invalid
information [11,12]. However, this method destroys the physical properties of the original
spectra to some extent during the linear or nonlinear compression process. At the same
time, the practicality of data compression may be limited by the method’s computerized
system (the original spectral data still need to be acquired during the application process),
which greatly restricts its practical popularization and application for crop disease detection
at different scales [2,13]. Different from feature compression, to extract disease feature
information, feature wavelength screening does not change the original spectral data
and only screens a few or dozens of spectral wavelength data containing the main key
disease features from the original spectral data, which reduces the data dimensionality
and has strong interpretability [14,15]. However, the influence of various factors, such as
lighting conditions, results in a large instability of spectral feature wavelengths, affecting
the reliability and generalization ability of the detection model. At the same time, more
methods do not consider the inter-band correlation in the screening process, resulting in
the introduction of useless features or the omission of important information [16,17].

In recent years, as an effective tool capable of characterizing physiological and bio-
chemical changes in crops, spectral vegetation indices (SVIs) have gained more and more
researchers’ attention and studies in crop detection [18,19]. Compared with spectral feature
wavelength screening, SVIs can improve the sensitivity of the information contained in
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spectra through specific relational expressions and, to a certain extent, can reduce the im-
pact of environmental factors, such as changes in illumination, with better stability [20,21].
It has been shown that SVIs have good potential for application in crop disease detection.
For example, Abdulridha et al. [22] successfully detected and differentiated target spot
and bacterial spot in tomatoes by constructing vegetation indices and concluded that the
photochemical reflectance index (PRI) and chlorophyll index (CHI green) were effective
in differentiating between the two tomato diseases under indoor and outdoor conditions.
Su et al. [23] studied and analyzed winter wheat yellow rust using UAV multispectral
imagery and concluded that ratio vegetation index (RVI), normalized difference vegetation
index (NDVI), and optimized soil adjusted vegetation index (OSAVI) are the best SVIs for
distinguishing between healthy and diseased plants. It was also shown that NIR and red
wavelengths are the best spectral regions for detecting the disease. Abdulridha et al. [24]
detected canker-infected citrus by UAV hyperspectral remote sensing, and comparative
analysis concluded that the anthocyanin reflectance index (ARI) and transform chlorophyll
absorption in reflectance index (TCARI) were the most promising vegetation indices for
detecting canker-infected citrus among the 31 available vegetation indices. However, based
on the fact that common conventional SVIs, although having variable responses to crop
physiological and biochemical properties, are unable to characterize the specific spectral re-
sponses of host-pathogen interactions, they cannot quantitatively or qualitatively describe
the response mechanism to a particular kind of disease, which, in turn, leads to a large error
in large-area disease detection [4,25,26]. Therefore, developing specific SVIs applicable to a
certain crop disease can be expected to quantify the disease detection process. And it can
effectively simplify the spectral sensor.

In view of this, this study used UAV hyperspectral remote sensing to acquire hyper-
spectral images of rice leaf blast at different disease levels, including healthy, mild, and
severe, under field conditions to analyze the variability of spectral responses to leaf blast
infection at different disease levels and to develop targeted specific SVIs to improve the
accuracy of remote sensing detection of rice diseases.

2. Materials and Methods
2.1. Experimental Setup

The rice leaf blast experiment was conducted in 2021-2022 at the experimental base of
Shenyang Agricultural University in Haicheng City, Liaoning Province (122°43'32.39"” N,
40°58'42.24" E), as shown in Figure 1. The area shown in the test plot belongs to the
temperate monsoon climate zone, with an average annual temperature of 10.4 °C, rainfall
of 721.3 mm, mild temperature, abundant rainfall, and a climate suitable for crop growth.

Artificial dyeing test plot (2021): the test plot area was 0.39 hm?, and Shennong 9816,
which is sensitive to leaf blast, was selected as the test variety. Rice transplanting occurred
on 25 May 2021 at a planting density of 30 cm x 17 cm, and nitrogen, phosphorus, and
potash fertilizers were applied according to the local fertilization standards, which were 89,
40, and 53 kg/hm?, respectively. Leaf blast fungi cultivated indoors were mixed with water
in a certain proportion to configure a spore suspension at a concentration of 9 mg/100 mL,
and an artificial disease test was conducted at 5:00 p.m. on 6 July. In the field, the configured
suspension was sprayed evenly onto the rice leaves until the rest spread over the leaves.
Meanwhile, to promote rice disease, moist black plastic bags were used to wrap the rice
until they were removed at 7 a.m. on the second day. We used manual spraying of disease
control agents for prevention and control to prevent and control the disease in healthy rice
plots, and other field management was normal. Five days after inoculation with the disease
(11 July), rice in the inoculated area showed symptoms of leaf blast. With the assistance of
plant protection staff, we began canopy hyperspectral image collection and ground survey
of the extent of the disease.

Natural incidence area (2022): the test plot area was 0.39 hm?, and the planting
rice variety was Yanfeng 47, producing a density of 30 cm x 20 cm. On 12 July 2022,
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under the detection of the plant protection staff, the field appeared to have a leaf blast
disease infestation.
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Figure 1. Rice leaf blast test plot.

2.2. Data Acquisition
2.2.1. UAV Hyperspectral Remote Sensing Data Acquisition

A GaiaSky-mini2-VN hyperspectral imager from Sichuan Shuangli Hepu, China, was
used to acquire hyperspectral images of rice at critical fertility stages (nodulation and pre-
sprouting) in the field canopy using an M600 PRO six-rotor UAV from DJI, China (Figure 2).
The spectral range is 400-1000 nm, with a resolution of 3.5 nm and a pixel pitch of 4.54 um.
The flight altitude of the UAV in the experiment was set at 100 m, and the hyperspectral
image data acquisition was carried out when the weather was clear and cloudless. At the
same time, data acquisition was concentrated between 11 a.m. and 1 p.m. to reduce the
influence of external factors such as weather and lighting conditions. A black-and-white
standard version of the hyperspectral imager must be calibrated before each acquisition of
hyperspectral images.

Meanwhile, the calibrated whiteboard was arranged next to the rice field and pho-
tographed along with the area during the UAV flight to be used for atmospheric correction
later. After hyperspectral image acquisition, each pixel point in the hyperspectral image
was labeled using the classical normalized vegetation index (NDVI) to distinguish between
the vegetation index region and non-vegetation region (water, soil, etc.), which served
to remove the effect of water, soil, etc., on the extraction of the spectral reflectance of the
vegetation. We used ENVI 5.3 software to create regions of interest (ROISs) in the healthy
and diseased areas, and the mean value of the spectral reflectance of the pixels occupied by
rice in each ROI was used as the spectral reflectance for that degree of disease. At the same
time, the spectral reflectance using the SG smoothing method removed the effect of noise
due to the environment, instrumentation, etc.
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Figure 2. UAV hyperspectral remote sensing data acquisition.

2.2.2. Ground Truth Data Survey

To obtain the disease levels of rice leaf blast in the canopy of the field, during the
survey, we marked the survey area of early leaf blast in the field by GPS positioning and
field markers (e.g., the marked area in Figure 2). Thirty rice leaves were randomly selected
from different plants in the surveyed area. The surveyed leaves were evaluated for the
level of disease by visual survey (classified into leaf disease levels of 0-5 based on the
percentage of diseased spot areas on the leaves). Then, according to the “GTB 15790-2009
rules of investigation and forecast of the rice blast [27]”, the rice leaf disease level and the
number of leaves with different levels in the region were counted, and the disease index
(DI) was calculated. The formula of DI is shown below.

_ LaXi %X D;

DI
TIXDM !

)
where x; is the number of diseases at all levels of rice leaves in the disease investigation
area, D; is the representative value of disease degree at all levels, n investigates the total
number of rice leaves, and D), is a representative value of the highest level of disease.

At the same time, we classified the disease level of leaf blast at the canopy scale
according to the Chinese standard (GTB 15790-2009) [27] based on the disease index
obtained from the calculation, and the specific disease level classification is shown in
Table 1.

Table 1. Classification of disease level of rice leaf blast.

Rank Disease Severity Disease Index
A Asymptomatic DI=0
M Mild symptoms 0<DI<10
S Severe symptoms 10 < DI <30

Ultimately, to ensure the validity and balance of the data for different disease levels,
we obtained 720 data entries for the two years 2021 and 2022 (501 acquired in 2021 and
219 in 2022). Data on 167 asymptomatic, mild, and severe symptoms of infestation were
obtained in 2021, respectively. And the data of 73 asymptomatic, mild, and severe symptom
infestations were obtained in 2022, respectively.
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2.3. Experimental Methods
2.3.1. Constructing the Leaf Blast Spectral Vegetation Index

SVIs can provide spectral reflectance changes caused by stress infestation in a highly
intuitive and interpretable expression. Therefore, this study developed a leaf blast SVIS
based on healthy, light, and heavy canopy-scale rice leaf blast spectral data to provide
theoretical support for detecting early rice leaf blast in the field. In this study, the develop-
ment of rice leaf blast SVIs at the low-altitude canopy scale consisted of three main steps:
determining the leaf blast-sensitive spectral region, designing a computational expression
for leaf blast SVIs, and screening optimal spectral features and analyzing the detection
performance of SVlIs.

First, we analyzed spectral data for different disease levels of leaf blast. As shown in
Figure 3, under disease infestation, the average spectral reflectance curves of rice canopies
with varying levels of disease showed some changes, and the spectral reflectance curves
showed a flattening trend, especially in the red-edge region and near-infrared region. In
the red-edge region, the slopes of the spectral reflectance curves of different degrees of
disease showed a reduced performance compared to the healthy spectrum (Figure 3B). In
the near-infrared region, on the other hand, the spectral reflectance gradually decreased as
the degree of disease increased. As elaborated by Zhao et al. [28], due to the infestation
of the disease, the cellular structure of the canopy leaves is damaged, multiple reflectance
is reduced, the content of biochemical components such as chlorophyll is reduced, and
anisotropy is not obvious, which in turn contributes to the significant changes in the
spectra. The red-light region showed an opposite trend compared to the near-infrared
region. As the degree of disease increases, the reflectance values in the red-light region
show an increasing trend. At the same time, the change in the red-light region contributes
to the gradual flattening of the spectral curve. Therefore, in the subsequent determination
of the computational expressions and screening of the optimal spectral features of the
SVIs of leaf blast, we mainly analyze the comparison from the red-light, red-edge, and
near-infrared regions. At the same time, a comparative analysis of the spectral reflectance
of different disease levels based on the spectral coefficient of variation (CV) showed that
the CV for asymptomatic, mild, and severe symptoms was 0.1176, 0.1072, and 0.1045,
respectively (the CVs for the different disease levels were all less than 0.15). The results
show a variability in spectral reflectance for different disease levels and that the spectral
reflectance is relatively stable.

A B,
06— 0.010 4 —— Asymptomatic
| - - - Asymptomatic {--- Mild symptoms
sl Mild symptoms 0.008 4 - - - Severe symptoms
| — Severe symptoms 4 8 1
1 S 0.006
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Figure 3. Variation of spectral reflectance and differential spectral reflectance for different disease
levels. (A) Spectral reflectance. (B) Differential spectral reflectance.
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Secondly, it can be seen from the above analysis of the changes in spectral reflectance
of different disease levels that there is a significant difference between the visible region
(390-760 nm) and the near-infrared region (760-1000 nm) in the hyperspectral spectrum of
crop canopies. The spectral reflectance shows a trend of first low and then high changes,
respectively. Because of the strong absorption in the visible region and high reflection in the
near-infrared region, crop spectra are often used to enhance or characterize the implied crop
information by performing various linear or nonlinear combinations of ratios, differences,
normalization, etc., to form significant contrasts. Examples include difference vegetation
index (DVI) and ratio vegetation index (RVI). DVI and RVI showed a gradual decrease with
the increase in disease level. The reason for this is that when the leaf blast fungus interacts
with rice, the color change at the spot with the disruption of the cellular structure leads to
an increase in the reflectance in the red band and a decrease in the spectral reflectance in the
near-infrared band [29]. As for the normalized vegetation index (NDVI), it can effectively
reflect the health and growth of crops. In disease detection, NDVI can effectively detect
the late symptoms of crop diseases, but the effect is not obvious for the early signs of
diseases [30].

Meanwhile, in addition to the above combinations, spectral differential transformation
processing is often used for the construction of SVIs, and spectral differentiation can
significantly increase the feature differentiation between different disease levels in the
red-edge region (680-760 nm), especially at the early stage of disease development [31,32].
The SVIs developed in this study were designed to detect rice leaf blast at different disease
levels qualitatively. Hence, a combination of wavelength difference, wavelength ratio, and
spectral differential transformations seems appropriate. We also performed normalized
ratios for any two wavelengths, but the correlation with disease degree was poor.

Finally, combining the above analyses, we found that Ryjr and pred—edge had the
same trend for different disease levels, while Ryr showed the opposite. At the same
time, the two trends mentioned above can increase with the increase in disease severity
(Red, Red-edge, and NIR represent the spectral wavelengths in the red, red-edge, and near-
infrared regions, respectively; R and p represent the spectral reflectance and differential
spectral reflectance, respectively). Therefore, from the above trends, we can conclude that
as the severity of the disease advances, the value of Ryr — Rgeg will gradually decrease,
showing a monotonically reducing change. Similarly, m{f{ii’;dgg will have lower rates than
healthy samples as the level of disease increases. Meanwhi[iee, since the theoretical value of
hyperspectral reflectance obtained by UAV hyperspectral remote sensing is between 0 and 1
(the hyperspectral reflectance in this study is between 0 and 0.6), there is an inconspicuous
phenomenon of the degree of change in the values of Ryjr — Rgeg and Mf{i;‘:“‘ between
health and mild symptoms, which can result in overlapping portions of the symptoms
between health and mild symptoms. Therefore, we used the coefficient method to adjust
the weight coefficient relationship between Ryjr — Rgqq and %’;@3, which in turn further
improves the sensitivity and variability of vegetation indices to leaf blast disease infestation.

Therefore, based on the above forms of combining SVIs and the spectral response
laws of different disease degrees, we constructed one leaf blast-specific SVI to increase the
variability of the spectra of varying disease degrees, as shown in Equation (2). (x and p are
the weighting coefficients).

PRed—edge
RRed

RBVI = &(RniR — Rpea) + B (2)

To improve the robustness and transferability of the SVIs proposed in this study,
we used Fisher’s discriminant analysis to screen the optimal and differential spectral
wavelengths in the RBVI, respectively. The Fisher discriminant analysis method determines
the differential spectral wavelengths with better separability. This method can classify
points in high dimensional space by selecting the optimal direction and projecting them into
low dimensional space, ensuring that the selected features have large interclass differences
and small intraclass variations [33]. Meanwhile, an exhaustive algorithm was used to
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arbitrarily combine the spectral wavelengths in the visible and near-infrared regions to
screen the spectral wavelengths with the best correlation. To determine the ability of the
proposed RBVI to detect diseases, we analyzed the proposed RBVI in comparison with
conventional SVIs (shown in Table S1).

2.3.2. Stacking Integrated Learning Detection Models

The stacking integrated learning model consists of a base learner and a meta-learner,
which combine multiple base learner models and a meta-learner to obtain a strong learner
with high stability and accuracy. To improve the accuracy of UAV hyperspectral remote
sensing for detecting rice leaf blast, each base learner applies its machine learning algorithm
to process the training data separately. Then, multiple machine learning algorithms are
fused according to the stacking integrated learning fusion strategy to obtain a strong learner
with a better detection effect, as shown in Figure 4. At the same time, stacking integrated
learning can gather the advantages of individual machine learning algorithms and make
up for the shortcomings of some algorithms in terms of accuracy and stability, improving
the robustness and generalization of the detection model. Given this, we choose five
detection models, including random forest (RF) [34], support vector machine (SVM) [35],
AdaBoost [36], Lightgbm [37], and Xgboost [38], which have strong learning ability and
good generalization, as the base learners. The selection of simple and stable machine
learning algorithms for the meta-learner can effectively improve the accuracy of disease
detection to avoid the risk of overfitting, so we chose linear discriminant analysis (LDA) as
the meta-learner. At the same time, the combination of the prediction results of all base
learners was used to train the meta-learner, and the model results of the meta-learner were
used as the final detection results and compared and analyzed with the RE, SVM, AdaBoost,
Lightgbm, and XgBoost models.

Base Learner Meta-Learner

New
Test Set

Average

Figure 4. Stacking model structure.

The specific steps of the algorithm are as follows: (1) the original data are divided
into training and test sets; (2) each base learner is trained and learned using 5-fold cross-
validation, and the prediction results are used as the training set for the meta-learner;
(3) the divided test set is input into the base learner for testing, and the test results are
averaged as the new test set; (4) the newly constructed training and test sets are inputted
into the meta-learner for training, and the obtained test results are the final test results.
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2.3.3. Evaluation Indicators

To evaluate the accuracy of the constructed model, overall accuracy (OA), Kappa
coefficient, user’s accuracy (UA), and producer’s accuracy (PA) were used as the evaluation
metrics of the model (As shown in Table 2). The above metrics were calculated based on
true positive (TP), true negative (TN), false positive (FP), and false negative (FN) values.
The specific calculation formula is as follows:

TP+ TN

OA:TP+TN+FP+FN ®)

" (TP; + FN;)(TP; + FP;
pe=1Y, (TP Z@ﬁ i+ FPi) @)
i=1
OA —p.
Kappa = ——— 5)
PP 1- Pe
Table 2. Definition of the confusion matrix.
Positive Negative UA (%)
Positive True Positive (TP) False Negative (FN) TP /(TP + FN) x 100%
Negative False Positive (FP) True Negative (TN) TN/(TN + FP) x 100%
PA (%) TP/(TP + FP) x 100%  TN/(TN + FN) x 100%

3. Results and Analysis
3.1. Construction of a New Spectral Vegetation Index

The process of determining the red wavelengths, near-infrared wavelengths, and
red-edge wavelengths of the differential spectra in the newly constructed RBVI can be
divided into three steps. First, Fisher discriminant analysis is used to determine the
separability of each wavelength in the first-order differential spectrum to filter the best
PRed—edges @S shown in Figure 5. In Figure 5A, we can tentatively determine that the
first-order differential spectra of different disease levels have significant variability in the
720-750 nm interval. However, from Figure 5A, we cannot determine exactly the spectral
wavelength corresponding to the peaks with the best separability. The reason is that the
average first-order differential spectroscopy curves of different disease levels can only
present rough features and not characterize all curve features. Therefore, the first-order
differential spectra were statistically analyzed using Fisher discriminant analysis to screen
the optimal first-order differential spectral wavelengths. As shown in Figure 5B, the Fisher
discriminant analysis was modeled over the entire differential spectral region to obtain the
weighting coefficients at every other differential spectral wavelength. The results show that
the weighting coefficient curves of all differential spectral wavelengths are highly similar
to the average differential spectral curves, especially in the red-edge and near-infrared
regions. Among them, the highest peak value is presented at 736 nm in the red-edge region
(Fisher score = 1). Therefore, p736 was determined to have the best separability and was
screened as the best feature of the differential spectrum for calculating the RBVL

Secondly, an exhaustive algorithm was used to determine the optimal wavelength
combinations of Rg.; and Ryjr in the ranges of 620-760 nm and 760-1000 nm, respectively,
to obtain SVIs that are sensitive to leaf blast at different disease levels, as shown in Figure 6.

As can be seen in Figure 6, the sum of Ryjr — Rgeq and pR"’d}%g" constructed from
Rpeq and Ryjr acquired in the spectral ranges of 698-756 nm vs. 760-1000 nm had a high

correlation with the degree of disease (correlation: 0.8138-0.930). The highest correlation
was achieved when Rg,; and Ryr were chosen as 724 nm and 816 nm, respectively, with
a correlation of 0.9257. At the same time, to further validate and select 724 nm and 816 nm,
respectively, for the separability in recognizing different disease levels of leaf blast, we
constructed the LDA model by using the exhaustive method in the red and near-infrared
regions to judge the best wavelength selection, as shown in Figure 7. We obtained high
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accuracy (OA > 88.75%) in recognizing leaf blast in the field with different disease levels
by obtaining Ryjr and Ryjg in the 710-747 nm and 760-865 nm range, respectively. The
best detection accuracy (OA = 92.22%) was obtained when Ryjr and Ryjr were chosen as
724 nm and 816 nm, respectively. After verifying all possible spectral wavelengths, Ryjr
and Ryr were determined to be 724 nm and 816 nm, respectively.

A —— Asymptomatic B — Fisher-score
. --=--Mild symptoms —_
] - - - Severe symptoms .

] 0.020 1.0 4 @736 nm Fisher-score=1
E |
> 0.008
(5]
e | 0.8 -
S 0.006 :
(&)
2 4
T 0004 =
—_ . N o _
g 5
2 0.002 )
2 _ %
3 0.000- L 04-
5 |
£ 0002
e 0.2
" |
iT  —0.004 4

~0.006 0.0

T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5. First-order differential spectra with Fisher weighting coefficients. (A) Differential spectral
reflectance. (B) The Fisher score for differential spectral wavelengths of 400-1000 nm.

Correlation
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Figure 6. Contour map of the correlation between RBVI and different disease levels.
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Figure 7. Contour maps visualizing the separability of the red and near-infrared spectral regions at
different disease levels.

Finally, we determined the weight coefficients by fitting Fisher’s linear discriminant to
the training dataset. We concluded that the RBVI achieved the best correlation (correlation:
0.9381) when o and B were 9.78 and —2.08, respectively. The RBVI was finally determined,
as shown in Equation (6).

RBVI = 9.78(Rg16 — Ryos) — 2.08% ©)
724

3.2. Comparative Analysis of RBVI and Traditional SVIs

To preliminarily verify the validity of the SVIs proposed in this study, we first con-
ducted a comparative analysis of 20 SVIs (including the SVIs proposed in this study) using
Spearman’s correlation analysis, and the results are shown in Figure 8. As a whole, dif-
ferent types of SVIs showed large variability in their correlation with disease levels. A
portion of SVIs showed strong correlations with disease levels, such as MTVI-2, DVlys3 665,
RDVI, MCARI-2, EVI, G, and our proposed RBVI. These seven SVIs were significantly
correlated with disease class at the 0.01 level (IR |: 0.80-0.94). Among them, our proposed
RBVI showed better correlations of —0.9381. In contrast, six SVIs, such as CI, TCARI, and
PRI x CI, showed strong correlations (IR 1: 0.50-0.72) with the disease levels, and the rest
of the SVIs showed poor correlations (IR |: 0.09-0.50). Therefore, it was concluded that
the existing 13 SVIs and the RBVI proposed in this study have a good correlation with the
severity of leaf blast and have a high application value for remote sensing detection of
leaf blast.
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Figure 8. Correlation statistics between different SVIs and the extent of leaf blast disease.

To further screen the discriminative ability of each SVI in leaf blast detection, the
mutual information (MI) method, which is computationally small and highly interpretive,
was used to rank the feature validity. The value of MI can be interpreted as the amount of
information shared between the variables. The higher the value, the greater the interdepen-
dence between the two variables. Mutual information captures not only linear relationships
between variables but also nonlinear relationships. The MI values between different SVIs
and leaf blast disease levels were calculated, and the results are shown in Figure 9.
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Figure 9. Results of MI values for 21 spectral vegetation indices.
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As seen from Figure 9, the 13 SVIs with good correlation had different responses to
the detection ability of leaf blast. From the overall determination results, eight SVIs had
good discriminatory power with MI values greater than 0.5. In contrast, six SVIs, RBVI,
MTVI-2, DVIzs53 665, RDVI, MCARI-2, and EVI, had significant discriminatory ability with
MI values greater than 0.80. The RBVI had the highest MI value (MI = 1.00), indicating that
our proposed SVIs have a strong early discrimination ability for leaf blast. Therefore, this
study used the six SVIs above with significant discriminatory ability for separate modeling
to determine the best SVIs for leaf blast detection.

3.3. Results and Analysis of Leaf Blast Detection Based on Stacking Integrated Learning Models

To validate the effectiveness of our proposed SVIs and screen for the best SVIs, a
stacking integrated learning leaf blast early detection model was constructed by combining
multiple machine learning models (training model for 2022 data, testing model for 2023
data). The modeling results are shown in Table 3.

Table 3. Stacking model detection results for different SVIs.

A 73 0 0 100.0
oY : 7 ' L P
PA (%) 93.6 95.7 98.6
A 72 1 0 98.6
EVI I\S/I é 644 659 gzg 93.6 90.4
PA (%) 94.7 9.8 93.2
A 69 4 0 94.5
RDVI I\S/I (2) 635 760 ggg 93.2 89.7
PA (%) 97.2 90.3 92.1
A 71 2 0 97.3
DVI7s3 665 1\5/[ (9) 5; 750 ggg 91.3 87.0
PA (%) 88.8 92.2 93.3
A 65 8 0 89.0
MTVI-2 I\S/I 101 516 762 ZSZ 88.1 82.2
PA (%) 85.5 86.2 923
A 65 8 0 89.0
MCARI-2 I\S/I 101 526 761 ggg 87.7 81.5
PA (%) 85.5 84.9 923

Note: overall accuracy (OA); producer’s accuracy (PA); user’s accuracy (UA), asymptomatic (A); mild symptoms
(M); severe symptoms (S).

As can be seen in Table 3, all six SVIs after preliminary screening had good detection
accuracy, with an OA greater than 87.6% and Kappa greater than 81.5%. Compared with the
common SVIs (RDVI, etc.), the newly developed RBVI had the highest detection accuracy
with an OA and Kappa of 95.9% and 93.8%, respectively. Compared with the second-best
EV], it had further improved leaf blast detection accuracy with a 2.3% improvement in
OA and 3.4% in Kappa. These results indicate that the proposed RBVI has good detection
accuracy in rice leaf blast detection and can better characterize leaf blast at different
disease levels.

In addition, a comparison of UA and PA for different disease levels is also shown in
Table 3. The results showed consistency with the overall detection accuracy. Compared
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with other SVIs, the precision of the RBVI in detecting UA and PA at different disease levels
was relatively good, especially showing that the RBVI had better sensitivity and specificity
on mild symptoms.

3.4. Comparison and Analysis of the Results of Leaf Blast Detection with Other Models

Based on the different SVIs, our models were compared and analyzed with AdaBoost,
SVM, REF, Lightgbm, and XgBoost models. The detection results of the RF, Lightgbm, and
XgBoost models are shown in Table S2, and the detection results of the AdaBoost and SVM
models are shown in Table 4. We selected the better two models (AdaBoost and SVM) from
five models, including AdaBoost, for further comparative analysis. The results show that
AdaBoost with SVM constructed based on the RBVI has the highest detection accuracy
from the perspective of different SVIs. Meanwhile, the modeling accuracy of the RBVI was
slightly higher than that of EVI, RDVI, and DVIs3 ¢¢5 and much higher than that of MTVI-2
and MCARI-2. This further indicates that the RBVI is significantly sensitive to detecting
leaf blast and can characterize the disease more adequately. While analyzed from the
perspective of different models, better detection accuracy (OA > 85.8% and Kappa > 78.7%)
was achieved in both SVM and AdaBoost modeling. Among them, the SVM leaf blast
detection modeling with the RBVI had higher accuracy with an OA and Kappa of 95.4%
and 93.2%, respectively. However, compared with the stacking integrated learning model,
the detection accuracy of SVM still needs to be improved. Because of this, it can be seen in
the comparative analysis of different SVIs and different modeling approaches that the RBVI
can better characterize the disease characteristics of varying disease levels of rice early leaf
blast at the canopy scale. Using the stacking integrated learning model can help improve
the accuracy of early detection of rice leaf blast in the field.

Table 4. AdaBoost and SVM model detection results for different SVIs.

Methods SVIs A M S UA (%) OA (%) Kappa (%)
A 73 0 0 100.0
RBVI I\S/I 8 647 609 gig 95.0 92.5
PA (%) 93.6 94.4 98.6
A 72 1 0 98.6
M ; o2
PA (%) 88.6 90.8 93.3
A 71 2 0 97.3
RDVI l\s/[ (7) 630 760 S;; 91.8 87.7
AdaBoost PA (%) 91.0 92.3 92.1
A 70 3 0 95.9
DVI755,665 I\S/[ (9) 539 750 ggg 90.9 86.3
PA (%) 88.6 90.8 933
A 61 12 0 83.6
vz M : R
PA (%) 88.4 78.5 95.8
A 61 12 0 83.6
MCARI-2 l\s/[ 8 516 792 ggz 86.3 79.5

PA (%) 88.4 81.2 88.9
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Table 4. Cont.
Methods SVIs A M S UA (%) OA (%) Kappa (%)
A 73 0 0 100.0
RBVI l\s/[ g 27 619 3}1? 95.4 93.2
PA (%) 88.4 784 90.8
A 70 3 0 95.9
EVI l\s/[ é 645 :9 S?lg 93.2 89.7
PA (%) 94.6 90.3 945
A 68 5 0 93.2
RDVI I\S/[ 3 632 770 Sgg 91.3 87.0
- PA (%) 94.4 89.9 90.9
A 69 4 0 94.5
DVI753 665 l\s/l g 539 760 ggg 90.4 85.6
PA (%) 89.6 89.4 92.1
A 61 12 0 83.5
MTVI-2 1\5/[ 8 548 679 ;Zg 85.8 78.8
PA (%) 88.4 78.4 90.8
A 61 12 0 83.5
MCARI-2 I\S/[ g 548 679 ;Zg 85.8 78.8
PA (%) 88.4 78.4 90.8

Note: overall accuracy (OA); producer’s accuracy (PA); user’s accuracy (UA), asymptomatic (A); mild symptoms
(M); severe symptoms (S).

4. Discussion

Early detection of rice leaf blast is vital for scientific management and early control of
rice fields. In the existing research, most researchers have used spectroscopic technology to
carry out an in-depth analysis of early disease detection at the leaf scale of rice, explored
the spectral response mechanism and change rule of early disease stress on rice leaves, and
achieved better research results. However, this cannot be used and promoted on a large
scale outdoors. At the canopy scale, especially in low-altitude remote sensing, it has been
documented that using UAVs with spectral sensors for disease detection of crop diseases
has a high potential for application [39,40]. However, there is still inapplicability in the
early detection of diseases [41]. Therefore, in this study, a rice leaf blast spectral vegetation
index (RBVI) was proposed based on UAV hyperspectral remote sensing data to improve
the accuracy of early detection of rice leaf blast in the field.

The high accuracy and separability of the RBVI are due to the structure of the spectral
vegetation index, the determination of spectral and differential spectral wavelengths, and
the weighting coefficients. For the vegetation index structure, it has been shown in existing
studies that the use of three-wavelength or feature construction of SVIs can further improve
the ability of spectral detection of crops [42]. The reason is that, in general, compared
with two-wavelength vegetation indices, three-wavelength vegetation indices can obtain
richer crop information with better stability and accuracy—for example, plant senescence
reflectance index (PSRI) and healthy index (HI) for monitoring crop senescence and stress.
Also, how the three wavelengths are combined for computing is particularly important,
which is key to further improving the variability among different substances (different
disease levels). At the same time, this combination operation also needs to be determined
by combining the special spectral response change law of other detection substances. For
example, in this study, by analyzing the spectral response law of healthy, mildly infected,
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and severely infected rice leaf blast, it was concluded that in the red and near-infrared
spectral region, the spectral reflectance showed the change rule of increasing and decreasing
with the increase in disease level, respectively.

Moreover, after the spectral reflectance curve was processed by first-order differentia-
tion, it showed a gradual decrease in differential spectral reflectance with increased disease
level in the red-edge region. It is the combination of the spectral response law and the use
of combinatorial operations that further highlights this variability. As for the determination
of the optimal spectral wavelength and differential spectral wavelength, it has been shown
in previous studies that the correlation between diseases and crops can show a specific
spectral response [43], and this response can be used for crop disease detection. And in
this study, Fisher’s discriminant analysis and exhaustive algorithm methods were used
to screen the spectral wavelengths and differential spectral wavelengths in the vegetation
index of RBVIs that were best correlated with different disease levels of leaf blast, respec-
tively. In this way, it was determined that the selected spectral wavelengths had a higher
correlation with the differential spectral wavelengths for leaf blast. Finally, based on the
training data, a fitting analysis was performed by Fisher’s linear discriminant method to
determine the better weighting coefficients in the RBVI, which were used to improve the
differentiability of the RBVI for early diseases.

To show the ability of the RBVI to detect leaf blast in canopy rice, we used JM dis-
tance [2] and the probability histogram [23] for further demonstration and comparative
analysis with EVI and MCARI-2. As shown in Table 5, EVI, MCARI-2, and RBVI were
distinguishable (JM distance > 1.0) among different leaf blast levels. Among them, our
proposed RBVI performed best. The JM distances between A and M and M and S were
greater than 1.5, which did not reach the best standard threshold for interclass separability
(JM distance > 1.8) but still had better separability than EVI and MCARI-2. Also, the low
interclass separability of neighboring disease levels was expected. The reason is a greater
similarity in the early spectral data of diseases acquired by UAV hyperspectral remote
sensing, especially between neighboring disease levels. And a better interclass separability
was presented between A and S with a JM distance of 2.0. Meanwhile, we constructed
a probability histogram to demonstrate more intuitively the discriminatory ability of the
EVI, MCARI-2, and RBVI in the early detection of leaf blast (Figure 10). It can be seen
that the probability distribution of the RBVI has less overlap between different leaf blast
levels, followed by the EVI, and the worst is MCARI-2. This indicates that the RBVI has
better discriminatory ability compared to the EVI and MCARI-2. Therefore, as a whole, the
proposed RBVI has a stronger discriminative ability for early leaf blast levels.

Table 5. JM distances for different leaf blast levels for RBVI, EVI, and MCARI-2.

SVIs [A, M] [A, S] M, S]

EVI 1.59 1.99 1.39
MCARI-2 1.03 1.93 1.37

RBVI 1.65 2.00 1.52

Note: JM distance between 0 and 1 indicates that SVI has interclass separability, JM distance between 1 and 1.8
means that SVI has some interclass separability, and JM distance between 1.8 and 2.0 suggests that SVI has good
interclass separability. A: asymptomatic, M: mild symptoms, S: severe symptoms.

Qualitative studies can generally be processed and analyzed using traditional statis-
tical analysis methods. However, UAV hyperspectral remote sensing for detecting rice
leaf blast in the field is susceptible to the external environment and manual investigation
factors, so more complex processing and analyzing methods, such as machine learning
(ML) algorithms, are needed. Recently, ML algorithms have been successfully applied in
disease detection in various food crops, such as wheat, corn, peanut, and rice.
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Figure 10. Histogram of the probability of different leaf blast levels for RBVI, EVI, and MCARI-2.
(A) Histogram of the probability of different leaf blast levels for RBVI. (B) Histogram of the probability
of different leaf blast levels for EVI. (C) Histogram of the probability of different leaf blast levels for
MCARI-2.

SVM is a more commonly used ML algorithm in qualitative research and is widely
used in disease detection. Compared to other classification algorithms, SVM’s excellent
correctness rate is due to using the structural rather than empirical principle of risk-
minimizing induction [44]. However, in our study, SVM did not achieve the best disease
detection results, and the model accuracy was second only to the stacking integrated
model because SVM overly pursues the transformation of nonlinear classification in low-
dimensional space into linear variety in the high-dimensional area, which drives the model
into overfitting [45]. As an iteratively optimized ML classification algorithm, AdaBoost can
train different classifiers for the same training set and assemble these classifiers to form a
stronger final classifier [46]. However, this study found that AdaBoost is not the best ML
algorithm in remote sensing for detecting early leaf blast disease in rice. The possible reason
for this is the presence of the external environment (light, wind speed) on the hyperspectral
data acquired by UAV remote sensing, affecting AdaBoost’s modeling accuracy. Although
the overall detection accuracy of the SVM and AdaBoost models did not meet expectations,
the modeling results from different SVIs showed that our proposed RBVI could obtain
disease characteristics of varying leaf blast disease levels more accurately than other SVIs.
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At the same time, under certain circumstances, the use of unique ML algorithms (e.g.,
SVM) is more prone to the risk of overfitting phenomena [47]. Therefore, to solve this
problem, we use an integrated learning algorithm that fuses multiple ML algorithms to
obtain a strong learner with better detection results. In this study, five ML algorithms, such
as RE, SVM, AdaBoost, Lightgbm, and Xgboost, were used to construct a strong learner
based on the principle of stacking integration, and LDA was used as the final classifier of
the model. Previous studies reported stacking models in different research areas, such as
crop nutrition detection, image recognition, and medical treatment. At the same time, it
had not been used for crop disease detection. In our study, the stacking model achieved the
best detection accuracy compared to the SVM and AdaBoost models. The stacking model
constructed based on the RBVI obtained the highest early detection accuracy (95.9% for
OA and 93.8% for Kappa). The possible reason is that the organic stacking of multiple ML
algorithms can draw the advantages of different algorithms and improve the generalization
and accuracy of the model. It also shows that using stacking integrated learning for crop
disease detection is successful.

To show the performance of the RBVI with the stacking model in detecting early leaf
blast in rice in the field, Figure 11 shows a graph of the results of leaf blast detection in
rice in the area at different times. Also, to highlight the effects of early disease detection,
the water bodies in the field were defined as the same color as the bare soil. As shown in
Figure 11a, we calibrated the degree of disease in the ground survey, with blue markers for
mild and other features for severe. Our comparative analysis revealed great consistency
between the areas of different disease levels of leaf blast detected by the RBVI stacking
model on 18 July 2023 and the areas of the ground survey. At the same time, the site of
leaf blast disease increased with increasing time of infection (without control), which is
consistent with the law of disease spread. The large area of disease in the lower right corner
of the image is due to the fact that this is the location of the water source of the field, where
the disease occurs more severely due to the effects of water temperature and water flow.

(d)

Figure 11. Graphs showing the results of early detection of rice leaf blast in the field at different

times. (a) Original image; (b) classification result on 18 July; (c) classification result on 22 July;
(d) classification result on 26 July.

In summary, the early detection models for rice leaf blast proposed in this study have
achieved relatively promising research results. However, here, we have to elaborate on
the study’s limitations. The UAV hyperspectral images were all chosen to be acquired
when the weather was clear and cloudless to reduce the interference of weather and other
external environments on the data and models. In addition, a single rice variety was used
for the experiment to more accurately assess the susceptibility of RBVI to leaf blast in the
field. In our future research, we will consider acquiring UAV hyperspectral images from
multiple regions and in different weather environments to enhance the diversity of data
and thus further improve the model’s generalization ability. Meanwhile, combining rice
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growth environment information with remote sensing spectral information for research
prediction and forecasting of rice blast disease will also be the focus of our future research.

5. Conclusions

In this study, a leaf blast-specific vegetation index, RBVI, was developed by extracting
the information on the spectral reflectance of a rice canopy from hyperspectral images
acquired by UAV remote sensing to achieve qualitative detection of asymptomatic, mildly
symptomatic, and severely symptomatic leaf blast-infected rice in the field. In order to
more significantly highlight the characteristics of different disease levels of leaf blast, we
determined the index structure of the RBVI by combining the characteristics of spectral
reflectance variation with monotonicity analysis. Then, the best spectral features for
calculating the RBVI were screened by correlation analysis and exhaustive search to ensure
that the screened spectral features had better sensitivity and specificity for different disease
degrees of leaf blast. The results showed that the stacking model for early detection of leaf
blast constructed based on the RBVI had the highest detection accuracy, with an OA and
Kappa of 95.9% and 93.8%, respectively. The results were also slightly improved compared
to the SVM model constructed based on the RBVI with the AdaBoost model. In addition,
in order to further indicate the separability of the RBVI for leaf blast, J]M distance and a
probability histogram were used for comparative analysis. The analysis results showed
that the RBVI had a stronger ability to discriminate and differentiate early leaf blast classes
compared to other SVIs. Therefore, combining the RBVI with the stacking model can help
to improve the detection accuracy of early leaf blast in the field and detect the early signs
of rice blast in time. The application of this method can not only reduce the influence of
environmental factors such as light changes to a certain extent and improve the accuracy
of early detection of rice leaf blast in the field, but it can also reduce the use of chemical
pesticides before the spread of the disease by early intervention, thus reducing the negative
impact on the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy14030602/s1, Table S1: Spectral vegetation indices
used in this study and their formulations; Table S2: RF, Lightgbm and XgBoost model detection
results; Table S3: Stacking model parameter [48-59].
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