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Abstract: The storage environment can significantly impact paddy quality, which is vital to human
health. Changes in storage can cause growth of fungi that affects grain quality. This study analyzed
grain storage monitoring data from over 20 regions and found that five factors are essential in predict-
ing quality changes during storage. The study combined these factors with the FEDformer (Frequency
Enhanced Decomposed Transformer for Long-term Series Forecasting) model and k-medoids algo-
rithm to construct a paddy quality change prediction model and a grading evaluation model, which
showed the highest accuracy and lowest error in predicting quality changes during paddy storage.
The results emphasize the need for monitoring and controlling the storage environment to preserve
grain quality and ensure food safety.

Keywords: paddy quality change prediction; paddy; paddy storage; prediction; FEDformer

1. Introduction

Paddy is a staple food for more than half of the world’s population and is mainly
produced and consumed in Asian countries [1]; thus, its quality assurance is crucial for
people’s health. However, grains such as paddy are susceptible to contamination by
fungal toxins during storage [2], which affects the quality of paddy [3], among which
Fusarium and Aspergillus are the main pathogenic fungi affecting the quality of paddy,
and their growth is closely related to the environment [4]. For example, in suitable storage
environments, such as warm and humid, the levels of harmful toxins due to fungal growth
are significantly higher, such as AFB1 (Aflatoxin B1) produced by Aspergillus flavus and
DON (Deoxynivalenol) produced by Fusarium oxysporum, which resulted in reduced
quality and head rice yield of paddy [5,6]. The harmful toxins produced by these fungi can
endanger people’s health, with aflatoxin AFB1 produced by Aspergillus flavus considered
to be the most carcinogenic class of mycotoxins, causing serious health risks to humans
and animals [7]; people accidentally consuming crops contaminated with vomitoxins can
lead to symptoms such as poisoning and vomiting [8]. It was shown that temperature
and water activity are important environmental factors affecting the growth of pathogenic
fungi and mycotoxin production in paddy [9]. Lutz et al. [10] used techniques such as
wireless sensor network prototypes and neural network algorithms to predict the grain
quality of corn stored in silos and raffia bags under different conditions, and experiments
showed that storage time had an effect on grain quality decline for all factors. Therefore, it
is crucial to maintain a proper storage environment to preserve the quality of paddy grains
during storage. In addition, AFB1 and DON are common and important toxins in paddy
grains that pose a serious threat to grain quality and human health. Since other common
non-toxic fungi rarely exceed the limit values in historical testing records, in this study,
temperature and water activity were selected as environmental variables, and AFB1 and
DON were chosen as influencing factors and used in a rice quality assessment model of
rice grains affected by fungal changes over time in different storage environments, with
regular sampling and testing.
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As the world population continues to grow and global grain production increases year
by year, grain quality becomes increasingly important. According to studies, grain losses
during storage account for 15-20% of the total, with damage by molds causing at least 10%
of grain production loss per year in some countries [11]. Therefore, improving food quality
and reducing losses during the storage phase by controlling storage conditions is an urgent
need that must be addressed globally to create a sustainable and resilient agri-food system.

To address this challenge, researchers conducted studies to predict and assess the qual-
ity changes of stored grains such as paddy. In previous studies, Coradi et al. [12] evaluated
the seed quality of soybean cultivars under different storage conditions and experimen-
tally showed that the best choice for storing soybean seeds for more than 6 months was
composite packaging in a natural environment. Sun et al. [13] evaluated the mechanism
of preservation of paddy storage in a controlled atmosphere with high CO, concentration
based on mass analysis and a new approach using molecular modeling tools; Shu et al. [14]
designed several different experimental storage conditions in order to study the effect of
storage temperature on paddy, and eventually demonstrated that sequential changes in
high and low temperature conditions can affect the intermediate quality of stored paddy.
The novel method based on SRC values by Li et al. provides an improved method for
assessing the freshness of stored paddy [15]. Lu et al. [16] bred hybrid rice with temperature-
tolerant restorative lines that not only ensured high yields through crossbreeding but also
produced excellent grain quality. In order to determine the quality changes in rice during
storage, Wang et al. used metabolomics to study the comprehensive metabolomic profile
of typical japonica and typical indica rice varieties, and this study provided insight into
the mechanisms of quality deterioration of rice during storage [17]. Jaques et al. [18] pro-
posed a device consisting of a mechanical portable sampler with hardware device and
DHT22, MHZ-14 sensors? to predict the physical mass of 11 soybean masses during bulk
transportation to avoid their mass loss.

In recent years, time series analysis was often used to reveal the development and
change pattern of a phenomenon or to portray the intrinsic quantitative relationship be-
tween a phenomenon and other phenomena. The existing studies in time series forecasting
can be categorized into three groups: traditional linear regression methods [19,20], machine
learning methods [21,22], and deep learning methods [23-36]. Traditional models include
moving average (MA), autoregressive (AR), and autoregressive moving average (ARIMA)
models, all of which are widely used for time series forecasting [19,20]. Coradi et al. [1]
developed six linear regression models to predict grain storage quality and evaluated
the models to achieve high prediction accuracy; André et al. [37] used machine learning
methods such as artificial neural networks, decision tree algorithm REPTree, and random
forest to predict the quality of soybean seeds for decision making in the seed storage pro-
cess. Jaques et al. [37] evaluated decision tree algorithms (e.g., REPTree and M5P), random
forests, and linear regression in predicting the physical and physiological quality of soybean
seeds. The results showed that these algorithms outperformed linear regression in terms
of accuracy. Kumar et al. [38] used machine learning classifiers such as support vector
machine (SVM) and principal component analysis (PCA) to process rice plants to identify
plants as healthy or unhealthy. This method replaces the manual analysis of plant health
and reduces costs. Sampaio et al. [39] used artificial neural networks (ANN) for simultane-
ous and quantitative analysis of paddy quality. As plant diseases cause cereal crop failure,
Daniya et al. designed techniques for detecting plant diseases using deep recurrent neural
networks (Deep RNN), and the experimental results showed the superior performance
of RWS-based deep recurrent neural networks [40]. Ge et al. [41] used long short-term
memory networks (LSTM) to predict grain storage temperature and, thus, reduce grain
loss. However, these models have limitations in accurately predicting the quality changes
that occur during grain storage, which are closely related to temperature and humidity.
Sabanci et al. [42] predicted the yield loss due to the negative effect of wheat seeds on flour
quality, caused by incorporating a long and short-term memory network (Bilstm) model in
the framework, and the accuracy of the experimental results was significantly improved.
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Zhou et al. [43] used the Transformer model for wheat spikelet detection and, thus, yield
estimation. The Transformer-based method proved to be effective for wheat spike detection
under complex field conditions.

In this research, our scientific hypothesis was that storage time and environmental con-
ditions are determinants of fungal contamination. We analyzed grain storage monitoring
data from more than 20 regions to predict the quality level of paddy under different storage
conditions, where the quality level was divided into vomitoxin produced by Fusarium
deoxidans and aflatoxin content produced by Aspergillus flavus. We used the FEDformer
method to establish a prediction model for quality changes in the paddy storage process
and the K-Medoid algorithm to establish a grading evaluation model for quality changes in
the paddy storage process. Specifically, controlling storage conditions can reduce myco-
toxin contamination of paddy to a certain extent, and so, we judged the quality of paddy
by predicting the content of mycotoxins and used three key factors, i.e., time, water activity,
and temperature, to predict the quality changes during paddy storage, with the aim of
reducing the uncertainty of the prediction model. Among them, the limitation ranges of
water activity and temperature were 0.92-0.98 and 10-30 °C, respectively. In addition, we
set an evaluation index P, which combined the current and predicted values, and combined
the results of the prediction model to evaluate the quality changes of grain storage in a
graded manner, where the index P combined the toxin content, as well as the current and
predicted values. The experimental results showed that our prediction model exhibited the
highest prediction accuracy and the smallest prediction error compared with other models,
and our clustering model had the highest equivalence coefficient compared with other
clustering models and was used to classify the quality changes in paddy storage into three
grades. Our study can provide model and data support for paddy storage and provide
meaningful reference for controlling paddy storage conditions.

2. Materials and Methods
2.1. Materials
2.1.1. Data

The paddy storage monitoring data in this study were obtained from Northeast China,
with cultivars such as late indica paddy. The moisture level of rice at harvest was around
14% and subsequently needed to be dried before entering the bins for storage. For sampling,
we stored paddy from nine shallow round bins, and 11 points were taken from one bin
for mixed testing using the cuttings method, with regular sampling in a one-day cycle. In
total, 99 samples were taken, with 2970 pieces of data. The microbial toxin limits selected
in this paper were as follows: aflatoxin B1 limit of 10 ug/kg and deoxyribonucleic acid
deoxyribonucleic acid limit of 1250 ng/kg for paddy. In addition, the data set in the
experiment was divided as shown in Table 1. In addition, the proportions of training set,
test set, and validation set divided in the experiment were 70%, 20%, 10%, 2079 samples in
training set, 594 samples in test set, and 297 samples in validation set, as shown in Table 1.

Table 1. Partitioning of the data set in the experiment.

Dataset Training Set Test Set Validation Set
2970 2079 594 297

2.1.2. Experimental Environment

In this study, the FEDformer model was built using the deep learning framework
PyTorch [44], a Python-based scientific computing library that provides highly flexible
deep learning tools that support dynamic computational graphs and static computational
graphs. The experimental environment and parameter settings are shown in Table 2 below.
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Table 2. Experimental platform and environmental parameters.

Interpreter Programming Languages Dependency Packages
Numpy 1.21.5
Scikit_Learn 1.0.2
Toolkit Python (3.7, PSF, FDK, MD, United States) Pandas 0.25.1
Torch 1.12.0
Matplotlib 3.5.2

2.2. FEDformer-Based Paddy Quality Prediction Model

Although Transformer-based methods significantly improve the state-of-the-art in
long-term series forecasting, they are not only computationally expensive but, more impor-
tantly, fail to capture a global view of the time series (the overall trend). To address these
issues, FEDformer [45] combines Transformer with seasonal trend decomposition meth-
ods [46], where the seasonal trend decomposition method captures the global profile of the
time series, while Transformer captures the more detailed structure. The FEDformer model
combines Transformer and seasonal trend decomposition, and the main architecture uses
an encoder-decoder structure with innovations. The main structure of FEDformer mainly
consists of four sub-modules: Frequency Enhanced Block, Frequency Enhanced Attention),
Period-Trend Decomp (MOE Decomp), and Forward Propagation (Feed Forward). The
structure of the FEDformer model is shown in Figure 1.
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Figure 1. FEDformer Model.

In the encoder, the input signal was decomposed through two MOE Decomp layers,
and the result of the decomposition contained both seasonal and trend components. In this
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process, the trend component is discarded, while the seasonal component is passed to the
next layer for further learning and is finally fed to the decoder.

The input to the decoder is also subjected to three MOE Decomp layers, and is likewise
decomposed into two components, seasonal and trend. The seasonal component is passed
to the next layer for further learning, while the frequency-enhanced attention (FEA) layer
performs frequency domain correlation of the seasonal items of the encoder and decoder.
In this study, the seasonal items were learned by the frequency-enhanced attention (FEA)
layer, and the trend components were summed and finally added back to the seasonal
items to recover the original time series.

Through such an encoding and decoding process, the model can better separate the
seasonal and trend components, and, thus, predict the trend and periodicity of the time
series more accurately.

The specific function of the encoder is shown in the following equations:

Sent,— = MOEDecomp(FEB(Xen0) + Xeno) (1)

Sen2,_ = MOEDecomp(FeedForward((FEB(Xeno) + Xeno))) )

The specific function of the decoder is as Equations:

Sae1, Tger = MOEDecomp(FEB(Xge0) + Xaeo) @)
Sae2, Taep = MOEDecomp(FEA(S 41, LayerNorm(S ,,5) + Sge1)) 4)
Sie3, Tges = MOEDecomp(FeedForward((Sze)) + Sae2) (5)

The MOE Decomp module is composed of a set of averaging filters of different sizes
that extract multiple trend components from the input signal and will generate a set of
weights related to the data that will combine these trend components into a final trend line.
This module decomposes the time series into a periodic term (seasonal, S) and a trend line
(trend, T). It is important to note that this decomposition is not performed only once, but
several times in an iterative decomposition. By using an averaging filter, the MOE Decomp
module can effectively eliminate noise and outliers from the time series, resulting in a more
accurate trend component. Additionally, the module can adaptively adjust the size of the
filter to fit different time series data. This multi-component decomposition method allows
the model to more accurately capture various trend information in the time series for better
prediction and analysis.

The specific functions of the MOE Decomp module are shown in the following equation:

Xirena = Softmax(L(x)) x (F(x)) (6)

where F(x) is a set of average pooling filters and Softmax(L(x)) is the weight for mixing these
extracted trends.

Frequency enhancement block (FEB) is a key technique used in time series analysis
to efficiently extract frequency domain information and integrate it into a model, thus
improving the accuracy and generalization of the model. The key step in FEB is to use
the fully connected layer R as a learnable parameter and multiply it with the frequency
features obtained by Fourier transform. This process can be interpreted as weighting the
frequency features, so that the high-frequency features can be given greater weight, thus
better capturing the detailed information in the time series. The structure of the frequency
enhanced block is shown in Figure 2.
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Figure 2. Frequency Enhanced Block.

The specific functions of the frequency enhanced block module are shown in the
following equation:
Q' = Select(Fourier(w x x)) (7)

FEB — f(q) = Fourier ' (Padding(Q’ ® R)) 8)

Frequency enhanced attention (FEA) module is an important technique used in time
series analysis to improve the accuracy and generalization of models by learning the
intrinsic relationship between the encoder and decoder through cross-attention operations.
In time series analysis, encoder and decoder are usually two independent parts of each
other, which process the input and output sequences, respectively. The role of the frequency
enhancement attention module (FEAM) is to exchange the information between the encoder
and decoder and learn the intrinsic relationship between the signals of the two parts, thus
improving the prediction accuracy and generalization ability of the model. Specifically, FEA
performs cross-attention operations on the signals from the encoder and decoder. The cross-
attention operation can be understood as matching and aligning the key information of the
two signals to better learn the intrinsic relationship between the two parts of the signals.
Through the cross-attention operation, FEAM can effectively extract correlations and
similarities between the signals to achieve adaptive learning and prediction of the model.

The structure of the frequency enhanced attention module is shown in Figure 3.
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Figure 3. Frequency Enhanced Attention module.

The specific functions of the frequency enhanced attention module are shown in the
following equation:

Q' = Select(F(q)) 9)
K' = Select(F(k)) (10)

V' = Select(F(v)) (11)
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FEA — f(q,k0) = F! (Padding(: U'(Q’-K/T> ~V’>) (12)

2.3. K-Medoids-Based Model for Paddy Quality Assessment

In order to evaluate the grade of quality change during storage of paddy, we set an
evaluation index P, which combines the past, current, and predicted values of toxin content,
and the formula for the evaluation index P is shown in (13).

P = [Yi, Xj,yk] (13)

where x;, i € {1,2, ..., n} is the average of the toxin content of the previous n days, X; is the
value of the current toxin content, xj is the average of the predicted values of toxin content
for the next n days, and » is the number of indicator variables.

In this study, a clustering algorithm was used to grade the quality changes of all
samples, and for each sample, the mean value of its toxin content in the first n days, the
mean value of its toxin content in the next n days, and the current value were collected,
and the evaluation index P was constructed from these three indicators, and finally, the
quality grading space was constructed based on the evaluation index P.

K-Medoids algorithm is a clustering algorithm based on distance metric. Its basic
idea is to first randomly select k representative objects as the initial clustering centers, and
then, calculate the distance between each remaining object and the representative object
and assign them to the nearest clusters to produce the corresponding clustering results.
k-Medoids algorithm differs from K-means algorithm in that its clustering centers are not
calculated by the algorithm, but the actual data points in the data set are selected. This
makes the K-Medoids algorithm more stable and more suitable for multidimensional data
sets. During the iteration of the K-Medoids algorithm, the original centroids are replaced
with a randomly selected non-centroid at each iteration and the clustering results are
recalculated. If the clustering effect is improved, the replacement is retained; otherwise, the
original centroid is restored. The iterative process of the K-Medoids algorithm is a greedy
process, i.e., the decision is made at each step based on the current optimal clustering
result. Unlike the K-means algorithm, the K-Medoids algorithm has good scalability and
robustness when dealing with large-scale data. Additionally, it can better handle noise and
outliers because its clustering centers are determined by the actual data points. The specific
steps are shown in Figure 4.

2.4. Model Evaluation Metrics
2.4.1. Evaluation Metrics for Predictive Models

When evaluating the performance and fit of prediction models, common evaluation
metrics include mean absolute percentage error (MAPE), mean squared error (MSE), mean
squared error (RMSE), mean absolute error (MAE), and symmetric mean absolute percent-
age error (SMAPE). Among them, MAPE is a measure of the percentage error between
the predicted and true values, which tells us the magnitude and direction of the predic-
tion error of the model; MSE and RMSE are measures of the squared error between the
predicted and true values, which weight the square of the error in the calculation and,
therefore, allow for a stricter penalty for larger errors; MAE is a measure of the absolute
error between the predicted and true values, which is more straightforward compared
to MSE and RMSE, weighting all errors equally; and SMAPE, which is a measure of the
mean absolute percentage error, taking into account the proportional relationship between
predicted and true values, and it can be used to evaluate forecasting models for different
ranges of data values.
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The formula for calculating the mean absolute percentage error is shown in (14).
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MSE =}

1

W —v)

It

The formula for calculating the root mean square error is shown in (16).

RMSE = [+

1

W —wi)

It

The formula for calculating the mean absolute error is shown in (17).

1¢ !
MAE:;Zl‘yi*yﬂ
i=

(14)

(15)

(16)

(17)



Foods 2023, 12, 1681

9of 15

The formula for calculating the symmetric mean absolute percentage error is shown
in (18).

n /
_ 100% lv'i—vil
SMAPE = 52 L T w72 (18)
wherey;, i € {1, 2, ..., n}is the true value, y’l-, i€ {1,2,...,n}is the predicted value, and n
is the number of indicator variables.

2.4.2. Evaluation Metrics for Clustering Models

Silhouette coefficient is a metric used to evaluate the quality of clustering, which can
measure the tightness and separation of clusters. The value of this index ranges from —1 to
1, and the larger the value is, the better the clustering effect is, and the closer to 1 means the
tighter and more separated the samples are; the closer to —1 means the worse the clustering
effect is. If the contour coefficient is 1, it means the clustering effect is very good, and
the distance between different clusters is much larger than the intra-cluster distance. If
the contour coefficient is —1, the clustering effect is very poor, and the distance between
different clusters is much smaller than the intra-cluster distance. If the contour coefficient is
0, it means that the clustering effect is average, and the distance between different clusters
is comparable to the intra-cluster distance.

_1 b(i)—a(i)
5= NEl max {a(0),b(0)] (19)

where a(i) is the average distance of other samples in the cluster to which i belongs, b(i) is
the minimum value of the average distance of samples from i to other clusters, and N is the
number of samples.

3. Results and Discussion
3.1. Comparison of Predictive Paddy Quality Assessment Models

In order to effectively evaluate the performance of FEDformer in predicting quality
changes during paddy storage, several deep learning models were selected for comparison
experiments in this paper, and each model was tested and its prediction errors were
analyzed and compared, each with the same ratio of training, testing, and validation sets.
In this experiment, a five-fold cross-validation experiment was conducted to prevent the
problem of overfitting. In the experiments, RNN, GRU, LSTM, and Transformer were used
for time series prediction comparison experiments. In order to objectively evaluate and
describe the performance of the above models, we used five evaluation metrics to calculate
the error values of each model: MSE, RMSE, MAPE, MSPE, and MAE. In addition, the
FEDformer model includes several super parameters that affect the prediction accuracy of
the model, among which we found that the learning rate, the number of encoder layers,
and the number of decoder layers have a significant impact on the prediction. Therefore, to
find the parameter settings for the best performance of the model, we conducted several
sets of comparative experiments by adjusting these parameters. During the experiments,
for each super parameter, we adjusted one parameter at a time and then observed the
change in loss until the optimal parameter was determined. Table 3 shows the settings of
each parameter in the proposed model.

Table 3. Parameter setting for the FEDformer model.

Model Learn Rate Encoder Decoder MAPE
Layers Layers
0.001 3 3 0.12
0.001 3 2 0.10
FEDformer 0.0001 2 2 0.07
0.0001 2 1 0.04
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Out of the five prediction models, RNN and GRU had higher prediction errors, fol-
lowed by the traditional LSTM. The prediction accuracy of LSTM and GRU 34re comparable,
and the difference in their prediction errors was small. Meanwhile, the Transformer and
FEDformer models had significantly higher prediction accuracy and lower prediction error
compared to the other models. The FEDformer model exhibited the smallest prediction
error compared with other models, with MAE, MSE, RMSE, MAPE, and MSPE values of
0.008, 0.0002, 0.01, 0.08, and 0.04, respectively, in the paddy test set experiments. These
results are presented in Table 4.

Table 4. Experimental results on the comparative performance of FEDformer-based paddy quality
prediction models.

Model MAE MSE RMSE MAPE MSPE
RNN 0.25 0.04 0.21 0.85 7.32
GRU 0.24 0.04 0.20 0.85 7.30
LSTM 0.21 0.03 0.17 0.83 6.40

Transformer 0.027 0.0012 0.03 0.55 2.30
FEDformer 0.008 0.0002 0.01 0.08 0.04

3.2. Comparison of Clustering Models for Paddy Quality Variation

In this paper, to perform a cluster analysis of paddy grain quality variation, we chose
the P-value of the evaluation index for each sample per day as the clustering feature. We
used K-medoids and K-means algorithms to cluster the paddy grains, and the clustering
results were visualized and analyzed to show more visually the pattern of contour coef-
ficient results corresponding to different clustering algorithms and different numbers of
clusters, and we plotted the histograms of the contour coefficients for each algorithm at
3 to 7 cluster numbers, as shown in Figures 3 and 4. It can be seen from the plots that
the contour coefficients of 3 to 7 clusters showed a decreasing trend regardless of which
algorithm was used, with three clusters having the largest contour coefficients, indicating
that the instances within these three clusters were more compact with each other, while the
distance between clusters was larger.

In addition, the k-medoids algorithm not only had high clustering accuracy and
stability, but also can effectively handle outlier and noisy data with strong adaptability
and robustness, and the contour coefficient of k-medoids was the largest among the three
models; so. we finally chose the k-medoids algorithm as the clustering model for paddy
quality change. We divided paddy quality change into three categories, corresponding to
the clustering center, quality change, and the number of samples per category for the two
toxin categories, as shown in Table 2. We calculated the distance between the clustering
centers and the origin based on the indicators and defined classes 1 to 3 as paddy quality
change classes 1, 2, and 3, respectively. It can be seen that the indicators of cluster centers
increased sequentially with the increase in quality classes.

Figure 5 shows the clustering results of the k-medoids algorithm for paddy, along with
the corresponding two toxins. As can be seen from the figure, in this paper, we divided the
variation of paddy quality into three categories, which had the largest contour coefficients
and large distances between clusters. The clustering results of the k-medoids algorithm for
paddy grains are shown in Figure 5.

Figure 6 shows the clustering results of the k-medoids algorithm for paddy, along with
the corresponding two toxins. Compared with the k-medoids algorithm, we found that the
contour coefficients of the clustering results of the k-means algorithm were generally lower
for each cluster, but the contour coefficients of the three clusters were still the largest. The
clustering results of the k-means algorithm for paddy grains are shown in Figure 6.
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Figure 6. K-means 5 types of clustering category profile coefficients.

Table 5 shows the clustering centers, paddy mass variation, and the number of samples
per level for the two toxin levels corresponding to paddy. The results showed that most
of the paddy samples had deoxynivalenol DON levels at level 2, while most of the paddy
samples had aflatoxin B1 levels distributed at level 1 versus level 2. The clustering centers
for the two toxin levels corresponding to the paddy grains, the variation in paddy grain
quality, and the samples for each level are shown in Table 5.

Table 5. Clustering centers and ranking of the three clusters of paddies.

Categories x; x; Xk Sample Size %T:,l;:y
AFB11 2.6036 4.1476 5.9409 695 Level 1
AFB12 4.4638 6.2585 8.7218 693 Level 2
AFB1 3 6.0306 9.4696 12.6445 196 Level 3
DON 1 262.8922 321.1738 405.2554 495 Level 1
DON 2 482.1590 584.5295 685.5420 905 Level 2

DON 3 787.0462 992.1297 1143.4456 184 Level 3
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3.3. Analysis of Paddy Quality Change Results

We visualized the change in paddy quality grade based on the clustering results of k-
medoids, as shown in Figure 7. According to the results, the grade of paddy grain increased
slowly at lower temperature and moisture activity and rapidly at higher temperature and
moisture activity, which means that the growth rate of aflatoxin and vomitoxin content
increased slowly at low temperature and low moisture activity, while the growth rate of
both toxins tended to increase when the temperature increased and the moisture activity
increased. In addition, the grade of paddy increased to the highest grade with the increase
in storage time under any storage environment conditions. The above results demonstrate
that storage time and environmental conditions are determinants of fungal contamination
of the paddy grains.
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Figure 7. Folding line graph of the quality grade of aflatoxin and vomitoxin in paddy grains with
different storage conditions. (a—c) are the line graphs of the quality grade of aflatoxin with time at 0.92,
0.95, and 0.98 water activity at 10 °C, 20 °C, and 30 °C, respectively. (d—f) are line graphs of vomitoxin
quality grade over time at 0.92, 0.95, and 0.98 water activity at 10 °C, 20 °C, and 30 °C, respectively.

Based on the above observations, it is evident that changes in the environment during
storage have a significant effect on the quality grade of the paddy grains. The levels of
aflatoxin B1 and deoxyribonucleic acid are influenced by water activity and temperature,
and their growth states both increase with water activity, with the optimum growth state
occurring at a water activity of 0.98 and a temperature of 30 °C. Therefore, we recommend
necessary storage measures to reduce quality changes and toxin production during paddy
storage, which will help ensure the quality of paddy and the health of consumers.
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4. Conclusions

Paddy is one of the most important food crops in the world, but quality changes during
storage of paddy have been an important issue in the field of food security. Among them,
aflatoxin B1 and deoxyribonucleic acid are common toxins in paddy storage. Therefore,
unfavorable storage conditions can promote mold growth and toxin production, leading to
the degradation of paddy quality and health risks to consumers.

In this paper, five indicators were collected using the levels of AFB1 and DON as input
variables. Then, their future toxin levels during paddy storage were predicted based on
the FEDformer prediction model. We constructed an evaluation index P using the current
and predicted toxin levels and developed a k-medoids-based quality change model for a
comprehensive classification of the quality of paddy in storage. Finally, we combined the
results of the clustering with our data to visualize the variation of paddy quality grades
over time under different storage environmental conditions, and the results showed that the
limiting temperature and water activity during storage are key factors for the development
of aflatoxin B1 and deoxyribonucleic acid as well as grain quality. Their growth states both
increased with increasing water activity, and the best fungal growth state occurred at a
water activity of 0.98 and a temperature of 30 °C. Necessary storage measures should be
taken to reduce quality changes and toxin production during storage of paddy grains. This
will help ensure the quality of the paddy and the health of the consumer.

Author Contributions: Writing—original draft preparation, Q.Z. and Z.L.; methodology, Q.Z. and
Z.L.; writing—review and editing, W.D., SSW.,, Y.L. and M.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the National Key Technology R&D Program of China
(grant no. 2021YFD2100605), Humanity and Social Science Youth Foundation of Ministry of Education
of China (grant no. 20YJCZH229), Natural Science Foundation of China (grant nos. 62006008 and
61873027), Beijing Natural Science Foundation (grant no. 4202014), and Social Science Research
Common Program of Beijing Municipal Commission of Education (grant no. SM202010011013).

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Igbal, S.Z.; Asi, M.R.; Hanif, U.; Zuber, M.; Jinap, S. The Presence of Aflatoxins and Ochratoxin A in Rice and Rice Products; and
Evaluation of Dietary Intake. Food Chem. 2016, 210, 135-140. [CrossRef] [PubMed]

Carbas, B.; Simoes, D.; Soares, A.; Freitas, A.; Ferreira, B.; Carvalho, A.R.E,; Silva, A.S.; Pinto, T.; Diogo, E.; Andrade, E.; et al.
Occurrence of Fusarium spp. in Maize Grain Harvested in Portugal and Accumulation of Related Mycotoxins during Storage.
Foods 2021, 10, 375. [CrossRef] [PubMed]

Bacala, R.; Fu, B.X.; Cordova, K.; Hatcher, D.W. Wheat Fusarium Protease Specificity and Effect on Dough Properties. Foods 2021,
10, 1585. [CrossRef] [PubMed]

Balendres, M.; Karlovsky, P.; Cumagun, C. Mycotoxigenic Fungi and Mycotoxins in Agricultural Crop Commodities in the
Philippines: A Review. Foods 2019, 8, 249. [CrossRef] [PubMed]

Faree, A.; Wang, Y.; Li, G. Modeling Grain Storage Quality with Linear Regression. In Proceedings of the 2017 3rd IEEE
International Conference on Computer and Communications (ICCC), Chengdu, China, 13-16 December 2017; IEEE: Piscataway,
NJ, USA, 2017; pp. 2904-2909.

Coradi, P.C.; Lutz, E.; dos Santos Bilhalva, N.; Jaques, L.B.A.; Leal, M.M.; Teodoro, L.PR. Prototype Wireless Sensor Network and
Internet of Things Platform for Real-Time Monitoring of Intergranular Equilibrium Moisture Content and Predict the Quality
Corn Stored in Silos Bags. Expert Syst. Appl. 2022, 208, 118242. [CrossRef]

Squire, R.A. Ranking Animal Carcinogens: A Proposed Regulatory Approach. Science 1981, 214, 877-880. [CrossRef]
Raghavender, C.; Reddy, B. Human and Animal Disease Outbreaks in India Due to Mycotoxins Other Than Aflatoxins. World
Mycotoxin J. 2009, 2, 23-30. [CrossRef]

Lv, C; Jin, J.; Wang, P; Dai, X.; Liu, Y.; Zheng, M.; Xing, F. Interaction of Water Activity and Temperature on the Growth,
Gene Expression and Aflatoxin Production by Aspergillus Flavus on Paddy and Polished Rice. Food Chem. 2019, 293, 472—-478.
[CrossRef]


https://doi.org/10.1016/j.foodchem.2016.04.104
https://www.ncbi.nlm.nih.gov/pubmed/27211631
https://doi.org/10.3390/foods10020375
https://www.ncbi.nlm.nih.gov/pubmed/33572250
https://doi.org/10.3390/foods10071585
https://www.ncbi.nlm.nih.gov/pubmed/34359455
https://doi.org/10.3390/foods8070249
https://www.ncbi.nlm.nih.gov/pubmed/31288486
https://doi.org/10.1016/j.eswa.2022.118242
https://doi.org/10.1126/science.7302565
https://doi.org/10.3920/WMJ2008.1066
https://doi.org/10.1016/j.foodchem.2019.05.009

Foods 2023, 12, 1681 14 0of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lutz, E.; Coradi, P.C.; Jaques, L.B.A.; de Oliveira Carneiro, L.; Teodoro, L.P.R.; Teodoro, P.E.; Meneghetti, V.L.; de Souza, G.A.C.
Real-Time Equilibrium Moisture Content Monitoring to Predict Grain Quality of Corn Stored in Silo and Raffia Bags. J. Food
Process Eng. 2022, 45, €14076. [CrossRef]

Kumar, D.; Kalita, P. Reducing Postharvest Losses during Storage of Grain Crops to Strengthen Food Security in Developing
Countries. Foods 2017, 6, 8. [CrossRef]

Coradi, P.C.; Padia, C.L.; Jaques, L.B.A.; de Souza, G.A.C.; Lima, R.E.; Miiller, A.; Teodoro, PE.; Steinhaus, ]J.I.; de Oliveira
Carneiro, L. Adaptation of Technological Packaging for Conservation of Soybean Seeds in Storage Units as an Alternative to
Modified Atmospheres. PLoS ONE 2020, 15, e0241787. [CrossRef] [PubMed]

Sun, S.; Li, B;; Yang, T.; Luo, F; Zhao, J.; Cao, J.; Lin, Q. Preservation Mechanism of High Concentration Carbon Dioxide Controlled
Atmosphere for Paddy Rice Storage Based on Quality Analyses and Molecular Modeling Tools. J. Cereal Sci. 2019, 85, 279-285.
[CrossRef]

Shu, Z.; Jia, W.; Zhang, W.; Wang, P. Selected Quality Attributes of Paddy Rice as Affected by Storage Temperature History. Int. J.
Food Prop. 2021, 24, 316-324. [CrossRef]

Li, X.; Han, X.; Gao, G.; Wu, ] Rice Freshness Determination during Paddy Storage Based on Solvent Retention Capacity. Cereal
Chem. 2022, 99, 593-602. [CrossRef]

Lu, X.; Wang, L.; Xiao, Y.; Wang, F.; Zhang, G.; Tang, W.; Deng, H. Grain Quality Characterization of Hybrid Rice Restorer Lines
with Resilience to Suboptimal Temperatures during Filling Stage. Foods 2022, 11, 3513. [CrossRef] [PubMed]

Wang, Q.; Zhang, D.; Zhao, L.; Liu, J.; Shang, B.; Yang, W.; Duan, X.; Sun, H. Metabolomic Analysis Reveals Insights into
Deterioration of Rice Quality during Storage. Foods 2022, 11, 1729. [CrossRef] [PubMed]

Jaques, L.B.A.; Coradi, P.C.; Muller, A.; Rodrigues, H.E.; Teodoro, L.PR.; Teodoro, PE.; Teixeira, A.L.; Steinhaus, ]J.I. Portable-
Mechanical-Sampler System for Real-Time Monitoring and Predicting Soybean Quality in the Bulk Transport. IEEE Trans. Instrum.
Meas. 2022, 71, 1-12. [CrossRef]

Youness, J.; Driss, M. An ARIMA Model for Modeling and Forecasting the Dynamic of Univariate Time Series: The Case of
Moroccan Inflation Rate. In Proceedings of the 2022 International Conference on Intelligent Systems and Computer Vision (ISCV),
Fez, Morocco, 18-20 May 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1-5.

Liu, D.; Chen, H.; Tang, Y; Liu, C.; Cao, M.; Gong, C.; Jiang, S. Slope Micrometeorological Analysis and Prediction Based on an
ARIMA Model and Data-Fitting System. Sensors 2022, 22, 1214. [CrossRef] [PubMed]

Drucker, H.; Burges, C.J.C.; Kaufman, L.; Smola, A.].; Vapnik, V. Support Vector Regression Machines. In Advances in Neural
Information Processing Systems 9 (NIPS 1996); The MIT Press: Cambridge, MA, USA, 1997; pp. 779-784.

Jie, Y. A Bayesian Inference Based Two-Stage Support Vector Regression Framework for Soft Sensor Development in Batch
Bioprocesses. Comput. Chem. Eng. 2012, 41, 134-144. [CrossRef]

Asadollahfardi, G.; Zangooi, H.; Asadi, M.; Tayebi Jebeli, M.; Meshkat-Dini, M.; Roohani, N. Comparison of Box-Jenkins Time
Series and ANN in Predicting Total Dissolved Solid at the Zayandé-Rad River, Iran. J. Water Supply: Res. Technol.-Aqua 2018, 67,
673-684. [CrossRef]

Shi, H.; Xu, M,; Li, R. Deep Learning for Household Load Forecasting—A Novel Pooling Deep RNN. IEEE Trans. Smart Grid 2018,
9, 5271-5280. [CrossRef]

Che, Z.; Purushotham, S.; Cho, K.; Sontag, D.; Liu, Y. Recurrent Neural Networks for Multivariate Time Series with Missing
Values. Sci. Rep. 2018, 8, 6085. [CrossRef]

Gensler, A.; Henze, J.; Sick, B.; Raabe, N. Deep Learning for Solar Power Forecasting—An Approach Using AutoEncoder and
LSTM Neural Networks. In Proceedings of the 2016 IEEE International Conference on Systems, Man, and Cybernetics (SMC),
Budapest, Hungary, 9-12 October 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 2858-2865.

Zheng, H.; Lin, F;; Feng, X.; Chen, Y. A Hybrid Deep Learning Model with Attention-Based Conv-LSTM Networks for Short-Term
Traffic Flow Prediction. IEEE Trans. Intell. Transport. Syst. 2021, 22, 6910-6920. [CrossRef]

Zheng, J.; Xu, C.; Zhang, Z.; Li, X. Electric Load Forecasting in Smart Grid Using Long-Short-Term-Memory Based Recurrent
Neural Network. In Proceedings of the 2017 51st Annual Conference on Information Sciences and Systems (CISS), Baltimore, MD,
USA, 22-24 March 2017.

Kang, H.; Yang, S.; Huang, J.; Oh, J. Time Series Prediction of Wastewater Flow Rate by Bidirectional LSTM Deep Learning. Int. ].
Control Autom. Syst. 2020, 18, 3023-3030. [CrossRef]

Vo, A.H.; Nguyen, T; Le, T. Brent Oil Price Prediction Using Bi-LSTM Network. Intell. Autom. Soft Comput. 2020, 26, 1307-1317.
[CrossRef]

Lu, K;; Zhao, Y,; Wang, X.; Cheng, Y.; Pang, X.; Sun, W,; Jiang, Z.; Zhang, Y.; Xu, N.; Zhao, X. Short-Term Electricity Load
Forecasting Method Based on Multilayered Self-Normalizing GRU Network. In Proceedings of the 2017 IEEE Conference on
Energy Internet and Energy System Integration (EI2), Beijing, China, 2628 November 2017.

Ji, S.P; Meng, Y.L,; Yan, L.; Dong, G.S.; Liu, D. GRU-Corr Neural Network Optimized by Improved PSO Algorithm for Time
Series Prediction. Int. J. Artif. Intell. Tools 2020, 27, 07n08. [CrossRef]

Yang, H.; Wu, S. Prediction of Remaining Time of Tram Charging Based on Bi-GRU. In Proceedings of the 2022 3rd Asia-Pacific
Conference on Image Processing, Electronics and Computers, Dalian, China, 14-16 April 2022; ACM: New York, NY, USA, 2022;
pp. 521-524.


https://doi.org/10.1111/jfpe.14076
https://doi.org/10.3390/foods6010008
https://doi.org/10.1371/journal.pone.0241787
https://www.ncbi.nlm.nih.gov/pubmed/33180797
https://doi.org/10.1016/j.jcs.2018.12.019
https://doi.org/10.1080/10942912.2021.1879132
https://doi.org/10.1002/cche.10521
https://doi.org/10.3390/foods11213513
https://www.ncbi.nlm.nih.gov/pubmed/36360126
https://doi.org/10.3390/foods11121729
https://www.ncbi.nlm.nih.gov/pubmed/35741928
https://doi.org/10.1109/TIM.2022.3204078
https://doi.org/10.3390/s22031214
https://www.ncbi.nlm.nih.gov/pubmed/35161957
https://doi.org/10.1016/j.compchemeng.2012.03.004
https://doi.org/10.2166/aqua.2018.108
https://doi.org/10.1109/TSG.2017.2686012
https://doi.org/10.1038/s41598-018-24271-9
https://doi.org/10.1109/TITS.2020.2997352
https://doi.org/10.1007/s12555-019-0984-6
https://doi.org/10.32604/iasc.2020.013189
https://doi.org/10.1142/S0218213020400102

Foods 2023, 12, 1681 150f 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

Vaswani, A.; Shazeer, N.; Parmar, N.; Uszkoreit, J.; Jones, L.; Gomez, A.N.; Kaiser, L..; Polosukhin, I. Attention Is All You Need.
In Proceedings of the 31st Annual Conference on Neural Information Processing Systems (NIPS), Long Beach, CA, USA, 4-9
December 2017.

Zhang, J.; Zhang, H.; Ding, S.; Zhang, X. Power Consumption Predicting and Anomaly Detection Based on Transformer and
K-Means. Front. Energy Res. 2021, 9, 779587. [CrossRef]

Zhou, H.; Zhang, S.; Peng, J.; Zhang, S.; Li, J.; Xiong, H.; Zhang, W. Informer: Beyond Efficient Transformer for Long Sequence
Time-Series Forecasting. AAAI 2021, 35, 11106-11115. [CrossRef]

da Silva André, G.; Coradi, P.C.; Teodoro, L.P.R.; Teodoro, P.E. Predicting the Quality of Soybean Seeds Stored in Different
Environments and Packaging Using Machine Learning. Sci. Rep. 2022, 12, 8793. [CrossRef]

Kumar, R.; Baloch, G.; Pankaj; Baseer, A.; Bhatti, ]. Fungal Blast Disease Detection in Rice Seed Using Machine Learning. [JACSA
2021, 12, 248-258. [CrossRef]

Sampaio, P.S.; Almeida, A.S.; Brites, C.M. Use of Artificial Neural Network Model for Rice Quality Prediction Based on Grain
Physical Parameters. Foods 2021, 10, 3016. [CrossRef] [PubMed]

Daniya, T.; Vigneshwari, S. Deep Neural Network for Disease Detection in Rice Plant Using the Texture and Deep Features.
Comput. ]. 2022, 65, 1812-1825. [CrossRef]

Ge, L.; Chen, E. Research on Grain Storage Temperature Prediction Model Based on Improved Long Short-Term Memory. J. Clin.
Med. 2021, 21, 1145-1154. [CrossRef]

Sabanci, K.; Aslan, M.F; Ropelewska, E.; Unlersen, M.F; Durdu, A. A Novel Convolutional-Recurrent Hybrid Network for Sunn
Pest-Damaged Wheat Grain Detection. Food Anal. Methods 2022, 15, 1748-1760. [CrossRef]

Zhou, Q.; Huang, Z.; Zheng, S.; Jiao, L.; Wang, L.; Wang, R. A Wheat Spike Detection Method Based on Transformer. Front. Plant
Sci. 2022, 13, 1023924. [CrossRef]

PyTorch. Available online: https://pytorch.org/ (accessed on 2 November 2022).

Zhou, T.; Ma, Z.; Wen, Q.; Wang, X.; Sun, L.; Jin, R. FEDformer: Frequency Enhanced Decomposed Transformer for Long-Term
Series Forecasting. arXiv 2022, arXiv:2201.12740.

Wen, Q.; Gao, J.; Song, X.; Sun, L.; Xu, H.; Zhu, S. RobustSTL: A Robust Seasonal-Trend Decomposition Algorithm for Long Time
Series. AAAI 2019, 33, 5409-5416. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fenrg.2021.779587
https://doi.org/10.1609/aaai.v35i12.17325
https://doi.org/10.1038/s41598-022-12863-5
https://doi.org/10.14569/IJACSA.2021.0120232
https://doi.org/10.3390/foods10123016
https://www.ncbi.nlm.nih.gov/pubmed/34945567
https://doi.org/10.1093/comjnl/bxab022
https://doi.org/10.3233/JCM-204751
https://doi.org/10.1007/s12161-022-02251-0
https://doi.org/10.3389/fpls.2022.1023924
https://pytorch.org/
https://doi.org/10.1609/aaai.v33i01.33015409

	Introduction 
	Materials and Methods 
	Materials 
	Data 
	Experimental Environment 

	FEDformer-Based Paddy Quality Prediction Model 
	K-Medoids-Based Model for Paddy Quality Assessment 
	Model Evaluation Metrics 
	Evaluation Metrics for Predictive Models 
	Evaluation Metrics for Clustering Models 


	Results and Discussion 
	Comparison of Predictive Paddy Quality Assessment Models 
	Comparison of Clustering Models for Paddy Quality Variation 
	Analysis of Paddy Quality Change Results 

	Conclusions 
	References

