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Abstract:  Accurately modeling and predicting epidemic diseases is crucial to prevent disease
transmission and reduce mortality. Due to various unpredictable factors, including population
migration, vaccination, control efforts, and seasonal fluctuations, traditional epidemic models that
rely on prior knowledge of virus transmission mechanisms may not be sufficient to forecast complex
epidemics like coronavirus disease 2019(COVID-19). The application of traditional epidemiological
models such as susceptible-exposed-infectious-recovered (SEIR) may face difficulties in accurately
predicting such complex epidemics. Data-driven prediction approaches lack the ability to generalize
and exhibit low accuracy on small datasets due to their reliance on large amounts of data without
incorporating prior knowledge. To overcome this limitation, we introduce a flexible ensemble
data-driven framework (Neural-SEIR) that “neuralizes” the SEIR model by approximating the core
parameters through neural networks while preserving the propagation structure of SEIR. Neural-
SEIR employs long short-term memory (LSTM) neural network to capture complex correlation
features, exponential smoothing (ES) to model seasonal information, and prior knowledge from SEIR.
By incorporating SEIR parameters into the neural network structure, Neural-SEIR leverages prior
knowledge while updating parameters with real-world data. Our experimental results demonstrate that
Neural-SEIR outperforms traditional machine learning and epidemiological models, achieving high
prediction accuracy and efficiency in forecasting epidemic diseases.

Keywords: Neural-SEIR; long short-term memory; infectious disease prediction; time-series data



http://http://www.aimspress.com/journal/mbe
http://dx.doi.org/10.3934/mbe.2023749

16808

1. Introduction

The global morbidity and mortality rates attributable to infectious diseases are 70% more than those
attributable to cardiovascular diseases and nearly three times greater than those attributable to cancer,
which has a significant impact on society. Accurate forecasting of the epidemic’s spread trend is critical
for the government to formulate policies, optimize the allocation of medical resources, improve public
health safety, and prevent transmission of infectious disease [1].

Conventional epidemiological models have been applied for describing the spread of various
infectious diseases. Conventional epidemiological models [2], such as the susceptible infectious
susceptible (SIS) [3], the susceptible infectious recovered (SIR) [4], and susceptible exposed
infectious recovered (SEIR) models, are effective tools to understand and predict epidemiological
trajectories of infectious diseases’ outbreaks. However, conventional epidemiological models describe
the transmission of infectious disease by modeling the core parameters under an assumed correlation
coeflicient according to prior knowledge and the forecasting model’s parameters are not adaptive,
which makes it difficult to model some complex infectious diseases (i.e., COVID-19) due to the
complexity and unpredictability of population migration, vaccination, control measures, and seasonal
factors [5]. This will result in significant variations from the actual process of forecasting.

Machine learning methods learn from large amounts of data to predict the transmission of
epidemics, which have the potential to provide innovative solutions for epidemic prediction. A dozen
approaches have been proposed based on the support vector machine(SVM) [6], BP neural network
(BPNN) [7], random forest (RF) [8], and convolutional neural network (CNN) [9]. The time-series
model(i.e., LSTM), has also demonstrated its superiority in the prediction of epidemics [10], which
attracts considerable attention [11].

Despite its success in epidemic forecasting, there are two significant problems with current
machine-learning approaches. Most models do not take into account prior knowledge, thus requiring
a large amount of data to detect trends in the data in order to obtain accurate predictions; however, it
is typically difficult to obtain large amounts of high-quality data, so the aforementioned models have a
large prediction bias in practice [12]; furthermore, the aforementioned models do not simultaneously
account for time-series information in the data set or do not adequately account for factors, such as
seasonality. Overall, current machine learning models directly predict the epidemic using data,
without considering disease transmission patterns or prior knowledge, resulting in poor
generalizability and low accuracy on small datasets.

To address the limitations of the existing epidemic prediction models, we develop Neural-SEIR,
a novel ensemble framework combining a data-driven approach with a traditional SEIR mathematical
model. We “neuralize” SEIR and incorporate a priori knowledge of virus transmission into the structure
of the model, allowing the model to better utilize this a priori knowledge and account for all relevant
practical data. Our method approximates the fundamental parameters using neural networks while
preserving the propagation structure of SEIR. The overall framework of the proposed Neural-SEIR is
illustrated in Figure 1.

Our major contributions of this paper can be summarized as follows.

e We leverage multiple machine learning methods to overcome the difficulty inherent to the SEIR
model, in which many parameters are fixed based on prior knowledge (i.e., infection rate ().
After “neuralizing” SEIR, the architecture of the neural process is a data-driven technique that
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can update the parameters according to real data and incorporates the prior knowledge to make
sequential decisions. Our approach utilizes neural networks to approximate the essential
parameters while preserving the SEIR propagation structure, allowing the model to
simultaneously leverage a priori knowledge of epidemiological models and capture real-time
multidimensional features, hence improving the accuracy of predictions. To the best of our
knowledge, we are the first to consider to “neuralize” the inherent structure of SEIR.

e Our Neural-SEIR performs well in inferring uncertainty in the prediction process while also
benefiting from past experience, allowing for rapid adjustment of predictions when more data is
available. Our model eliminates the requirement for huge amounts of high-quality data for
data-driven techniques and performs well with small amounts of real-world data.

e The proposed Neural-SEIR method can substantially reduce the modeling complexity of epidemic
simulation and improve the computational efficiency of time-series data. It offers an innovative
technique for simulating infectious diseases in complicated environments throughout time.

e We extensively evaluate our proposed method on the public benchmark dataset, and our method
outperforms state-of-the-art approaches on epidemic prediction. The proposed ensemble Neural-
SEIR can effectively leverage the advantages of time-series models and the prior knowledge of
heuristic algorithm to achieve stable and accurate predictions.
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Figure 1. Overall framework of the proposed Neural-SEIR.

2. Related work

2.1. Traditional epidemiological models

The SIS model is widely used for describing the transmission dynamics of infectious diseases [13].
It continues to serve as the foundation for numerous infectious disease models, and is applied in
epidemic prevention and control decision-making [3]. The SIR model [14] is an extension of the SIS
model that considers the possibility of recovery from infection. It has been extensively applied to
simulate smallpox, hepatitis, measles [15], and other immunogenic infectious diseases [16] in
predicting disease spread and developing effective strategies for managing disease outbreaks. SEIR
model [17] is an extension of the SIR model, considering susceptible, exposed, infectious, and
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recovered individuals [18] and the incubation period. It takes the effects of various factors [19] of
vaccinations, government control measures [20], and mutations during an epidemic [21] into account.
Epidemiological models employ mathematical modeling, numerical simulations, data validation, and
statistical techniques [22] to account for diverse aspects of an epidemic. Nevertheless, these models
are subject to certain limitations, such as assuming a single maximum peak and fixed transmission
rates [23]. To accurately capture the complex dynamics of an epidemic, it is crucial to incorporate
real-world factors, including socioeconomic variables [24], epidemic control measures, and
vaccination strategies, into an ideal predictive model [25].

2.2. Exponential smoothing methods and applications

Exponential smoothing [26] is a weighted moving average technique that assigns varying weights
to observations at different times [27], emphasizing recent observations and enabling faster reflection
of market changes in forecasts [28]. This scalable method can modify the rate of weight change,
adjusting the degree of smoothing for trend changes and improving the homogeneity of time series
observations [29]. Exponential smoothing is widely applied in epidemiological models, such as the
forecasting of quarterly incidence of black fever [30], the hepatitis inflammation [31, 32], hand, foot
and mouth disease [33], which benefits from the model’s ability to estimate cyclical trends through its
incorporation of linear and seasonal trends.

2.3. Time-series forecasting models

Sequential models are suitable for predicting the dynamic nature of epidemic data such as COVID-
19, which exhibits typical time-series features that require the incorporation of historical information
over the incubation period. Incorporating updating data with historical knowledge can improve the
accuracy of predictions [34]. LSTM [35] is a powerful method for processing sequence data, capable of
recognizing patterns in historical or future data. Its ability to manage complex time-series dependencies
has enabled successful applications across various domains, including speech recognition [36], weather
prediction [37], energy prediction [38], financial trend forecast [39], drug prediction [40], and language
modeling. Dutta et al. [41] combine RNN and LSTM to forecast COVID-19 cases. Reddy et al. [10]
employ an LSTM model to forecast the transmission of COVID-19 in Canada, with high accuracy
of 93.4% (short-term) and 92.2% (long-term). Shwet et al. [11] present a CNN-LSTM hybrid deep
learning prediction model that accurately forecasts the COVID-19 epidemic in India, demonstrating
that adding additional convolutional layers to the LSTM layer may enhance the performance of the
forecasting model. The data-driven nature of LSTM models necessitates a substantial amount of data
to achieve accurate predictions, making them prone to errors when applied for generalization purposes.
However, it is important to note that crucial factors such as population density, medical treatment level,
population movement, quarantine rates, and virus mutation rates are often not adequately considered in
these models. These factors play a significant role in shaping the dynamics of infectious diseases and
can greatly impact the accuracy of predictions. Therefore, it is essential to incorporate these factors
into the modeling framework to enhance reliability and applicability in infectious disease prediction.
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3. Methods

Exponential smoothing structure is a technique used to improve data observation by adjusting the
weights’ rate of change. It involves utilizing various values of a to forecast values and modify the
weights accordingly. a is a parameter that determines the weight assigned to each observation in the
exponential smoothing process.

We first construct an exponential smoothing structure to improve the observation of the data by
utilizing various values of a for the forecast values, thereby modifying the weights’ rate of change.
Exponential smoothing enables the data to be scaled to the assigned weights, thereby increasing the
weight of the observations and enabling the predicted values to rapidly reflect the actual changes in the
epidemic data. We add it to each category of the already pre-process dataset to facilitate subsequent
model learning. Figure 2 demonstrate the effects of smoothing on the Susceptible and Removed data,
respectively.
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Figure 2. (a)The number of Susceptible people after exponentially smoothing. The orange
dots indicate the original data, while the blue dot indicate the effects of exponentially
smoothing level at 0.9. (b)The number of Removed individuals after exponentially
smoothing. The orange dots indicate the original data, while the blue dot indicate the effects
of exponentially smoothing level at 0.9.

S7,17, and E7 represents the variables corresponding to the seven most recent days of the forecast.
SEIR is an acronym for the compartmental model used in epidemiology, representing the variables for
Susceptible (S), Exposed (E), Infected (I), and Removed (R) individuals.

By exponentially smoothing S, I7, and E;, we obtain the seven most recent days of the forecast
(which can be any number of days). The final iteration of SEIR is used to determine the forecast values
for the last seven days, with the original iteration equation being described as follows.

E,=FE, | + rﬁln—lsn—l/N —ak,_ | + rZﬁZEn—ISn—l/N (31)
In = In—l + aEn—l - yln—l (32)
Rn = Rn—l + ')/In_l (33)

The parameters of the infectious disease model are defined as follows: S represents the infection rate
and denotes the probability of disease transmission between susceptible and infectious populations;
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denotes the incubation rate, which is the rate of exposed individuals becoming infected; y denotes the
recovery rate and is determined by the average duration of an infection.

To capture the characteristics of infectious disease transmission, the neural networks take into
account various factors and variables that influence the spread of the disease, such as age distribution,
population density, temperature, air quality, and vaccination campaigns. These factors play a crucial
role in determining the susceptibility, transmission of the infectious agent, and the overall dynamics
of the epidemic.

The neural networks approximate these core parameters by learning the complex relationships
between the input variables and the observed epidemic patterns. Through training and optimization,
the neural networks aim to capture the underlying dynamics of disease transmission and provide
accurate predictions of future epidemic trends.

In order to predict the value of S, we substitute 78 with exp,(NN(x)) and r,8, with exp,(NN(x)),
where exp,(NN(x)) is the value predicted using the LSTM. The variable x in exp,(NN(x)) corresponds
to the confirmed number of /, while in exp,(NN(x)) it corresponds to the confirmed number of §'.
Consequently, we derive the following formula.

Sn=8n-1 = expy(NN))ip-1lsy-1 /N — exp (NN (x))le,—11s,-1 /N (3.4)

In accordance with equation 3.2, 7 is derived from [/i,_; and S is derived from [ls,_;, which are
both corrected and updated based on historical data.

Algorithm 1 Total Algorithm

Input: Susceptible S, Exposed E, Infected /, Removed R, number of representative instances 7, batch
size N, Variable parameters y and .

Output: Predicted Infected value labels /;, Forecast values for the next few days ;. -

The dataset containing the four types of individual S, E, I, and R labels are subjected to data smoothing,
thereby facilitating the subsequent model’s learning process;

Plugging the processed data into the LSTM time series model for feature extraction and learning;

Ci = Cry 0 (fi (-1, x0));

h; = tanh (C)) * o (f4 (hi—1, X1));

Update C; and A, by training in Memory gates and forgetting gates in LSTM;

The higher dimensional feature set containing the time-series features is fed into our Neural-SEIR for
learning and the final result is obtained;

Train the model using « and v;

Repeat: Query instance-label to update S, E, I and R;

Compute /, and y,, ., using the prediction network;

Calculating model error assessment values to f;

Update the prediction network using @ and y;

Until (|f] < f)

The combination of exponential smoothing and LSTM involves using exponential smoothing to
preprocess the input data before feeding it into the LSTM network. This preprocessing step helps to
remove noise and capture the overall trend and seasonality in the data. The preprocessed data is then
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used as input to the LSTM network, which learns to model the complex temporal dependencies and
make predictions based on the historical information.

The LSTM architecture addresses the “memory” limitations of the vanilla RNN model by using
a neural network composed of node cells and changing features that represent the learning network
layers, connected by a linear merge representation, allowing the transmitted feature learning content to
be replicated at multiple locations. The LSTM model processes the input data S and / by first passing
them through the forgetting gate, which determines how much of the information from the previous
memory cell should be forgotten. Input gates control which of the currently calculated S and I can be
updated to the memory cell in the form of a new state.

Ci = Cioy + 0 (f (hi—y, x,)) * tanh (f (Ay-1, 1)) (3.5)

Where C, represents the current value at time ¢, C,_; represents the previous value at time r — 1. o
denotes the sigmoid function, which squashes the input values between 0 and 1. f(h,_, x,) represents a
function that takes as input the previous hidden state /,_; and the current input x,. The equation states
that the current value C; is obtained by adding the previous value C,_; with the product of o (f (h,—1, x;))
and tanh (f (h,_1, x,)).

Through the LSTM’s memory gate, the important knowledge will be recorded while forgetting
irrelevant knowledge, the important knowledge learned by LSTM will be transmitted to the subsequent
SEIR structure.

h, = tanh (C,) * o (f (hi-1, 1)) (3.6)

The LSTM neural network, equipped with three gates, can modify cellular states by adding or
removing information. The limitations of conventional epidemiological epidemic prediction models
are attributable to their failure to account for the dynamic nature of data. LSTM has some degree
of functionality similar to GRU. Although LSTM and GRU differ in their internal structures, they
are designed to address the same problem and demonstrate similar characteristics when dealing with
sequential data. This similarity in functionality allows LSTM to enhance its performance in capturing
the dynamic nature of epidemiological data.

Overall, the LSTM’s capability to modify cellular states, coupled with its ability to handle long-
term dependencies and capture sequential patterns, makes it a valuable tool for improving the accuracy
and effectiveness of epidemic prediction models.

re =0 (f (-1, X)) 3.7
h; = tanh (f (r; * hy_1, X)) (3.8)

Where r, serves as a gate control variable that regulates the flow of information. Its value ranges
between 0 and 1, determining the extent to which the previous hidden state /,_; and the current input
x, influence the current hidden state A¢. h{ represents the current hidden state. It is computed based on
the gate variable r,, the previous hidden state /,_;, and the current input x,.

We utilize the sigmoid and tanh functions as activation functions in our neural network architecture.
The tanh function is applied to generate candidate memories, and any superfluous data is normalized to
a range of -1 to 1 using this function before being updated by the output of the sigmoid function. The
sigmoid function determines which current and past input data values should be updated to compute
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the cell state data. The tanh layer produces a candidate vector which is then added to the cell state.
These two vectors are combined to produce updated values that are further processed to generate the
final output. The sigmoid function determines the output cell states. In addition, the tanh function has
a larger gradient around an input of O than the sigmoid function, leading to faster convergence.

To account for uncertainty, the Neural-SEIR framework incorporates probabilistic modeling
approaches. This involves considering probability distributions for the input variables or parameters
instead of fixed values. By sampling from these distributions, multiple simulations can be performed,
resulting in a range of possible epidemic outcomes.

Parameter estimation uncertainty refers to the uncertainty in estimating the values of model
parameters from the available data. We use maximum likelihood estimation which provides estimates
of the parameters along with uncertainty measures.

The optimal result is obtained when @ = 0.13 and y = 0.066. Finally, we predict the values of S, E,
I and R for the next 7 days.

L =ay, + (1 —a)l_, (3.9)
Veeten = EXp(NN (X)) * [, (3.10)

Where /; represents the predicted number of infection individuals at time ¢, which is determined by
the previous step’s /,_; and weight coefficients @. The predicted values y7 + 1 and 7 + h are derived
based on the present value of /;, indicating a correlation between the predicted values and /;.

The overview of the “neuralizing” process is illustrated in Figure 3. The total algorithm is described
in Algorithm 1.

Figure 3. The“neuralizing”process, the input data have been pre-processed by exponential
smoothing.
4. Experimental results and analysis
In this section, the dataset, the experimental details, results, and analysis of the proposed model are
demonstrated. The experiments are conducted on NVIDIA GeForce RTX 3090 hardware and encoded

with Python Tensorflow 1.8.1.
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4.1. Data description

For this study, we have utilized the Covid-19 dataset that contains information on the confirmed
cases, deaths, and recovered cases in Guangdong Province, China*. We select cases from December
2019 to February 2020. Before conducting the experiments, we preprocessed the data, including filing
and deduplication. We also categorize the data situations into four categories, S, E, I, and R,
respectively. In the SEIR model, each symbol represents a specific group of individuals within a
population during the course of an infectious disease outbreak.

e Susceptible (S): This group includes individuals who are susceptible to the disease and can
become infected if exposed to the pathogen. They have not yet been infected and do not have
any immunity.

e Exposed (E): This group consists of individuals who have been exposed to the pathogen but are
not yet infectious. They have been infected but are in the latent or incubation period, during which
the virus is multiplying within their bodies, but they are not yet showing symptoms or capable of
transmitting the disease.

e Infectious (I): This group comprises individuals who have been infected, are capable of
transmitting the disease, and are showing symptoms. They can spread the pathogen to
susceptible individuals through direct or indirect contact.

e Recovered (R): This group includes individuals who have recovered from the infection and have
developed immunity to the disease. They are no longer susceptible to reinfection and cannot
transmit the pathogen to others.

The SEIR model describes the process of disease transmission by tracking the flow of individuals
between these four groups over time. Initially, the disease spreads from the susceptible population to
the exposed population through contact with infectious individuals. The exposed individuals then
progress to the infectious stage, where they can transmit the disease to susceptible individuals. Over
time, some infected individuals recover and move into the recovered group, while others may
unfortunately succumb to the disease.

By incorporating the dynamics of these four groups, the SEIR model provides insights into the
progression and control of infectious diseases, helping researchers and policymakers understand the
impact of interventions such as vaccination, social distancing, and quarantine measures.

4.2. Main results

Accurate prediction of epidemics is a complex task that involves various factors and uncertainties.
While many researchers have made significant efforts in this area, it is crucial to acknowledge the
challenges and limitations that contribute to the less-than-optimal performance of existing prediction
models.

One reason for the suboptimal performance of epidemic prediction models is the inherent
complexity of infectious diseases. Epidemics are influenced by numerous dynamic factors, including
the characteristics of the pathogen, the behavior of the host population, and the effectiveness of
control measures. These factors interact in intricate ways, making it difficult to capture the full
complexity of the system and accurately predict its future behavior.

“The data used in this study can be found at http://www.dxy.cn/.
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Additionally, data availability and quality pose significant challenges. Accurate prediction models
rely on comprehensive and reliable data, including information on disease prevalence, transmission
rates, and population demographics. However, data collection and reporting systems may be
incomplete, inconsistent, or delayed, leading to uncertainties and inaccuracies in the input data for
prediction models.

Furthermore, the evolving nature of epidemics presents a challenge. Outbreaks can exhibit sudden
changes in transmission patterns, affected populations, or the emergence of new variants. These
dynamic shifts can render existing prediction models less effective, as they may not account for the
rapid changes in the epidemic landscape.

Based on the prior knowledge of the SEIR model, we classify the results into four categories: S, E,
I, and R. Figure 4 displays Neural-SEIR model’s prediction results for the number of Susceptible(S),
Exposed(E), Infected(/), and Removed(R) individuals, respectively. The results indicate that our
Neural-SEIR model accurately captures the dynamics of the COVID-19 epidemic. Specifically,
infected individuals increase exponentially during virus growth, peak after several weeks, reaching an
inflection point, and gradually decrease until elimination, with concurrent stabilization of E and R
numbers. Figure 5 exhibits the superior predictive performance of the proposed Neural-SEIR model

129 Neural-SEIR
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Figure 4. The predictions for the number of S, E, I, and R individuals using Neural-SEIR.

in forecasting the number of infected individuals. The model’s effectiveness in predicting future
trends in infectious diseases is supported by the small deviations between predicted and actual values.
The predictive accuracy is superior to two widely used benchmarks(i.e., LSTM and DeepAR)
time-series sequential prediction models. The LSTM model overestimates the number of infected
individuals, resulting in a significant discrepancy between predicted and actual values over time.
Conversely, the DeepAR model underestimates the number of infected individuals, leading to a lower
number of predicted cases than the actual cases. Our findings suggest that the Neural-SEIR model is a
promising tool for predicting the spread of infectious diseases with a high level of accuracy.

We evaluate the performance of our proposed model utilizing root mean square error(RMSE),
symmetric mean absolute percentage error(SMAPE) and mean absolute error(MAE) evaluation
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Figure 5. Prediction performance of infected(I) individuals among various models.

indicators. RMSE measures the deviation between an observation and the true value, which is defined
as:

RMSE(X, h) = J %1 D (h(x®) - yoy? (4.1)
i=1

SMAPE describes the accuracy of the time-series models, which is defined as:

100% <~ 19 = yil
SMAPE = — 4.2)
n IZ:‘ (U9l + lyiD) /2

MAE is the average of the absolute errors, which describes the prediction error, which is defined as:
1 © . .
_ ®HY) _ O

MAE(X.h) = — E_l 'h (x?) -y ' 4.3)

In Table 1, our model is compared to time-series models (i.e., LSTM and DeepAR) and the SEIR
epidemiological model, with all indicators showing our model’s superiority over the benchmarks.
These findings provide significant evidence of the efficiency of our proposed model in forecasting the
number of infected individuals, which is the most important factor in epidemic transmission. The
results suggest that the proposed model can be utilized as a reliable tool for forecasting the spread of
infectious diseases in different settings.

4.3. Ablation study

We conduct extensive ablation studies to investigate the impact of each component of our proposed
method.

Mathematical Biosciences and Engineering Volume 20, Issue 9, 16807-16823.
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Table 1. Predictive performance results of different methods.

rmse smape mae
LSTM 7.98 18.48 7.18
SEIR 49.02 198.96 45.79
DeepAR 24.87 96.92 23.34
Neural-SEIR 6.49 19.13 5.96

4.3.1. The Impact of Exponential Smoothing Parameters

We investigate the effects of various exponential smoothing parameters on the COVID-19 dataset.
Table 2 displays the effects of different exponential smoothing parameters on the COVID-19 dataset,
with the optimal smoothing level found to be 0.9. The smoothing index method is essentially a special
type of weighted average method. Exponential smoothing assigns greater weight to data points that are
closer together when predicting future observations using a weighted average. The smoothing index
a determines the level of influence that actual data has on the prediction results, with higher values
having a greater impact and lower values having a lesser impact on the forecast results. Hence, a
greater smoothing exponent represents a short-term trend in data values, whereas a smaller smoothing
exponent reflects a long-term trend of constant data values. Thus, a large smoothing index is optimal
for predicting COVID-19 precisely in the short term, where data values are highly fluctuating.

Table 2. Predictive performance results of smoothing level.

rmse smape mae
0.3 28.69 37.31 19.88
0.6 15.13 24.85 13.42
0.9 6.49 19.12 5.96
1.2 8.17 20.52 6.34

4.3.2. The Predictive Performance in Forecasting Different Days

In public decision-making for epidemic transmission prevention and control, such as in the case of
COVID-19, it is often crucial to analyze the forecast results for periods of 1, 3, and 7 days. This
analysis is essential for allocating medical resources between regions and adjusting prevention
strategies (i.e., isolation measures). In this regard, we perform ablation experiments to evaluate the
predictive performance of our proposed model across different forecast periods.

We present the results of our experiments in Table 3, which demonstrate the effectiveness of our
proposed model in short-term forecasting, particularly in predicting the next 1 day. The ability to
accurately forecast in the short-term is particularly valuable in emergency situations where medical
resource allocation is critical. Our findings suggest that our model can provide reliable and timely
forecasts to inform decision-making in the management of infectious diseases like COVID-19.

4.3.3. The Impact of Different Learning Model

We analyze the key components of our model in Table 4. As shown in the table, our proposed
Neural-SEIR model outperforms ES with LSTM and LSTM with SEIR model in terms of all evaluation
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Table 3. Predictive performance results of different days.

rmse Smape mac
1 day 2.71 6.83 271
3 day 4.58 11.79 4.41
7 day 6.49 19.12 5.97

indicators. The superior effects can be attributed to the ensembling of SEIR, ES, and LSTM. The
SEIR model can obtain a priori knowledge, the ES model exhibits superiority in capturing seasonal
information, and the LSTM to acquire other time series features.

Table 4. Predictive performance results of our model.

rmse smape mae
ES+LSTM 9.56 21.09 8.38
LSTM+SEIR 15.72 31.56 13.64
Neural-SEIR 6.49 19.12 5.97

5. Conclusion

In this paper, we present a novel ensemble data-driven forecasting framework, Neural-SEIR, to
achieve precise prediction of infectious diseases. Through the “neuralizing” SEIR mathematical
model, we incorporate the real-time practical information into the propagation structure, thus
allowing the model to leverage both a priori knowledge and practical information, with high precision
and learning efficiency. We extensively conduct experiments to evaluate our proposed method on the
real-world dataset. Our proposed method outperforms other state-of-the-art time series models in
predicting disease types, with a lower RMSE (6.49) and MAE (5.97). Overall, the experimental
results indicate that our approach has the potential to be used to better assist physicians in early
intervention and clinical prevention of COVID-19, which might help reduce the financial and resource
costs of the public health system. In the future, we will incorporate additional variables, and diverse
data sources can improve its ability to capture the complex dynamics of disease transmission and
make more accurate predictions. Furthermore, integrating the Neural-SEIR framework into real-time
monitoring systems and decision support tools will provide up-to-date epidemic predictions for
informed decision-making and timely interventions to improve disease control strategies.
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