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Abstract

:

Based on China’s summary of three years of experience and measures in the prevention and control of the COVID-19 epidemic, we have built a COVID-19 prevention and control model integrating health and medical detection, big data information technology to track the trend of the epidemic throughout the whole process, isolation of key epidemic areas, and dynamic prevention and control management throughout the whole process. This model provides a simple, feasible, and theoretically reliable prevention and control model for future large-scale infectious disease prevention and control. The Lyapnov functional method is replaced by the global exponential attractor theory, which provides a new mathematical method for studying the global stability of the multi parameter, multi variable infectious disease prevention and control system. We extracted mathematical methods and models suitable for non-mathematical infectious disease researchers from profound and difficult to understand mathematical theories. Using the results of the global exponential Attractor theory obtained in this paper, we studied the global dynamics of the COVID-19 model with an epidemiological investigation. The results demonstrated that the non-constant disease-free equilibrium is globally asymptotically stable when    λ *  < 0  , and the COVID-19 epidemic is persisting uniformly when    λ *  > 0  . In order to understand the impact of the epidemiological investigation under different prevention and control stages in China, we compare the control effects of COVID-19 under different levels of epidemiological investigation policies. We visually demonstrate the global stability and global exponential attractiveness of the COVID-19 model with transferors between regions and epidemiological investigation in a temporal-spatial heterogeneous environment with the help of numerical simulations. We find that the epidemiological investigation really has a significant effect on the prevention and control of the epidemic situation, and we can also intuitively observe the relationship between the flow of people (including tourism, shopping, work and so on) and epidemiological investigation policies. Our model is adapted to different stages of prevention and control; the emergency “circuit breaker” mechanism of the model is also consistent with actual prevention and control.
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1. Introduction


The epidemic of novel coronavirus pneumonia has spread around the world for three years [1,2,3,4,5]. As a self-limiting epidemic in a temporal-spatial heterogeneous environment [6], different countries have formulated different prevention and control policies according to their national conditions. For the prevention and control of the COVID-19 epidemic, governments and medical staff have made great efforts in the past three years. Researchers have also expressed their opinions and proposed many different control methods and prevention strategies. The prevention and control of COVID-19 is different for different countries and regions [7,8,9,10,11,12]. Akter and Jin [13] propose a Caputo-based fractional compartmental model for the dynamics of the novel COVID-19. Martinez-Fernandez et al. [14] compared Verhulst’s, Gompertz’s, and SIR models from the point of view of their efficiency to describe the behavior of COVID-19 in Spain. These mathematical models are used to predict the future of the pandemic by first solving the corresponding inverse problems to identify the model parameters in each wave separately, using the observed data in daily cases in the past [15]. In the beginning of the COVID-19 pandemic, universities have experienced unique challenges due to their dual nature as a place of education and residence. Up to now, China has been a country with a very low fatality ratio of COVID-19. The lowest fatality ratio of COVID-19 in the world is due to the strict epidemiological investigation policy of the Chinese government. These epidemiological investigation policies include big data screening, travel reports and national nucleic acid testing. At the beginning of December 2022, the Chinese government made timely adjustments to relax the prevention and control strategy in response to the domestic epidemic spread trend, and canceled the nationwide nucleic acid, travel reports and other epidemiological investigations. The current epidemiological investigation strategy has changed into finding out the base number and situation of key populations, and strengthening health monitoring and early intervention. After the relaxation of epidemiological investigations, there has been a rapid and significant increase in the number of infected people in China. China’s epidemiological investigation policy has its own characteristics in global epidemic prevention and control policies. According to data released by the WHO under this type of prevention and control, only 33,144 people in China have died from COVID-19. We believe that the prevention and control strategy of this epidemiological investigation can serve as an experience to learn from, and we can also try this strategy in future outbreaks similar to COVID-19.



The purpose of this article is to study the positive impact of epidemiological investigations on epidemic prevention and control through mathematical modeling methods.



In order to use mathematical theory to analyze the rationality and effectiveness of epidemiological investigation under different prevention and control stages in China, we construct a COVID-19 model with transferors between regions, an epidemiological investigation and a relapse in a temporal-spatial heterogeneous environment. Our model is divided into six compartments, namely susceptible individuals (S), latent patients (L), transferors between regions (T), infected individuals (I), persons under epidemiological investigation (E), temporary restorers (R) and healthy individuals (H). The parameters description and transfer diagram as shown in Table 1 and Figure 1.



From Figure 1, the following system with the initial-boundary-value conditions is constructed by:


        ∂ S   ∂ t   = ∇ ·   d S   x  ∇ S  + Λ  x , t  −  β 1   x , t    S L   S + L   −  β 2   x , t    S I   S + I                − δ  x , t    S T   S + T   − k σ  x , t    S T   S + T   − μ  x , t  S ,         ∂ L   ∂ t   = ∇ ·   d L   x  ∇ L  +  β 1   x , t    S L   S + L   +  β 2   x , t    S I   S + I   +  ν 1   x , t  E              −  μ  x , t  + ω  x , t  + α  x , t   L ,         ∂ T   ∂ t   = ∇ ·   d T   x  ∇ T  + δ  x , t    S T   S + T   + ω  x , t  L              −  μ  x , t  + γ  x , t  + σ  x , t   T ,         ∂ E   ∂ t   = γ  x , t  T + k σ  x , t    S T   S + T                −  μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t   E ,         ∂ I   ∂ t   = ∇ ·   d I   x  ∇ I  + α  x , t  L + σ  x , t  T +  ν 2   x , t  E + ρ  x , t  R              −  μ  x , t  +  η 2   x , t  + ϕ  x , t   I ,         ∂ R   ∂ t   = ∇ ·   d R   x  ∇ R  + ϕ  x , t  I −  μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t   R ,         ∂ H   ∂ t   = ∇ ·   d H   x  ∇ H  +  θ 1   x , t  E +  θ 2   x , t  R − μ  x , t  H ,               x ∈ Ω , t > 0 ,         ∂ S   ∂ n   =   ∂ L   ∂ n   =   ∂ T   ∂ n   =   ∂ E   ∂ n   =   ∂ I   ∂ n   =   ∂ R   ∂ n   =   ∂ H   ∂ n   = 0 ,  x ∈ ∂ Ω , t > 0 ,       S  x , 0  =  S 0   x  ≥ 0 , L  x , 0  =  L 0   x  ≥ 0 , T  x , 0  =  T 0   x  ≥ 0 ,       E  x , 0  =  E 0   x  ≥ 0 , I  x , 0  =  I 0   x  ≥ 0 , R  x , 0  =  R 0   x  ≥ 0 ,       H  x , 0  =  H 0   x  ≥ 0 , x ∈ Ω .      



(1)







Here,  Ω  is a bounded domain in    R m   m ≥ 1    with smooth boundary   ∂ Ω   (when   m > 1  ),    d S   x  ,  d L   x  ,  d T   x  ,  d I   x  ,  d R   x  ,  d H   x  ∈  C 1   Ω    are positive, continuous and uniformly bounded diffusion coefficients depending on space.Since most of the people who participated in the epidemiological investigation were quarantined at home or in the hospital, we do not consider the diffusion of them in this article.   Λ  x , t  ,  β 1   x , t  ,  β 2   x , t  , ρ  x , t  ,  ν 1   x , t  ,      ν 2   x , t  , α  x , t  , ω  x , t  , δ  x , t  , σ  x , t  ,  θ 1   x , t  ,  θ 2   x , t  , γ  x , t  , ϕ  x , t  , μ  x , t  ,  η 1   x , t  ,  η 2   x , t    and    η 3   x , t    are bounded and positive Hölder continuous functions on accounting; k represents the proportion of epidemiological investigation of susceptible persons. Neumann boundary conditions     ∂ S   ∂ n   =   ∂ L   ∂ n   =   ∂ T   ∂ n   =   ∂ E   ∂ n   =   ∂ I   ∂ n   =   ∂ R   ∂ n   =   ∂ H   ∂ n   = 0   denotes that the change rate on the boundary of the region  Ω  is equal to 0. It is straightforward to verify that     S I   S + I      S L   S + L   ,   S T   S + T      is a Lipschitz continuous function of S and   I  L , T    in the open first quadrant. Therefore, we can extend it to the entire first quadrant by defining it to be zero whenever   S = 0   or   I = 0   L = 0 , T = 0   . Throughout the paper, we assume that the initial value    S 0  ,  L 0  ,  T 0  ,  E 0  ,  I 0    and   R 0   are nonnegative continuous functions on   Ω ¯  , and the number of infected individuals is positive, i.e.,    ∫ Ω   I 0   ( x )  d x > 0  . Specific parameters described in Table 1.



The highlight of this model is to examine the impact of epidemiological investigation on epidemic prevention and control. Epidemiological investigation policies at different stages can be adjusted through the parameter k in the model to achieve the best prevention and control effect. The epidemiological investigation in the model can be understood as a comprehensive compartment including the nucleic acid test, big data monitoring, and even vaccination. Of course, we can also refine compartment E in the process of modeling. However, in addition to increasing the difficulty of mathematical reasoning, this refinement will not have a significant impact on the long-term dynamic behavior of the model. Therefore, it is appropriate for us to select a comprehensive compartment for this epidemic investigation. Taking the spread of the COVID-19 epidemic as the research object, combined with the current development of the COVID-19 epidemic, Yang et al. [16] sorts out the relevant mathematical models for the study of the spread of COVID-19, among which the models based on the SIR model and SEIR model and the mathematical models combined with these two models are mainly selected. Finally, the importance of the reasonable and effective control of parameters and multi-model combined modeling is pointed out forthe future.



The organization of this paper is as follows. In Section 2, we first provide a sufficient condition for the existence of the global exponentially attracting set, which can be more easily applied to specific models. Second, we prove the existence of the system (1), and then we obtain the global stability and persistence of the COVID-19 epidemic with an epidemiological investigation. In Section 3, we simulate the impact of the epidemiological investigation and travel on the prevention and control of COVID-19 in China. By adjusting the proportion of the epidemiological investigation, we simulate the spread of the COVID-19 epidemic under different epidemiological investigations. In Section 4, we provide our conclusions and some discussions.




2. The Effectiveness Analysis of Epidemiological Investigation


Because the structure of the epidemiological investigation model (1) is complex, it contains multiple coupled state variables, and the coefficients are all temporal-spatial heterogeneous except for the spatially heterogeneous diffusion coefficient. It is tedious and difficult to discuss the global stability of system (1) by adopting the usual method of constructing Lyapunov functionals. For these reasons, we need to seek new breakthroughs in methods and find some new methods and means to solve the stability analysis problems of systems with a large number of equations. It is well known that the global attractor theory can discuss the dynamics of dissipative evolutionary systems. However, the existing global attractor and even global exponential attractor theories are all abstract conditions that are esoteric and difficult to understand in mathematical theory. They are difficult to apply directly to actual mathematical models. This seriously hinders the general infectious disease researchers from applying these mathematical theories to understand and discover the laws of disease transmission. Through our previous studies [6,17], we have tried many times to discuss the transmission of some specific diseases with the help of the global attractor theory in infinite-dimensional dynamical systems and have achieved good results. Therefore, we hope to continue these efforts and obtain some more convenient conditions that can be applied directly.



Let  H  be Hilbert space;    H 1  ⊂ H   is a dense and compact inclusion.   A :  H 1  → H   is a symmetrical sectorial operator and all eigenvalues of A are


  0 >  λ 1  ≥  λ 2  ≥ ⋯ ≥  λ k  > … ,   λ k  → − ∞   k → ∞  ,  



(2)







Consider the system of reaction diffusion equations


        d u   d t   = A u + G  t , u  ,       u  0  =  u 0  .      



(3)







In the following lemma, we provide a sufficient condition to prove the global exponentially attracting set of system (3). This condition is more convenient in terms of computation and workload compared with our previous research results in the verification process of the actual model.



Theorem 1.

Assume that condition (2) holds, and there exists a constant   C > 0   such that for any bounded set  B , there exists a constant    t B  > 0  , such that for   ∀  u 0  ∈ B ⊂  H 1   , the solution   u = u  t ,  u 0     of system (3) satisfies condition


     G  t , u  , u  H  ≤ C , ∀ t ≥  t B  ,   



(4)




then, in the system (3) exists a global exponentially attracting set    A *  ˜  ; it exponentially attracts any bounded set under the  H -norm.





Proof. 

Assume that   u = u  t ,  u 0     is a solution of the system (3), where    u 0  ∈ B  . Then, by the definition of the fractional power subspace generated by sectorial operator A, we can obtain that


      A u + G  t , u  , u  H    =      A u , u  H  +   G  t , u  , u  H        =    −   u    H  1 2    2  +   G  t , u  , u  H        ≤    −   u    H  1 2    2  + C , ∀ t ≥  t B  .     



(5)







Since   A :   H 1  → H   is a symmetrical sectorial operator, the eigenvectors     e j    j ∈ N    corresponding to the eigenvalues     λ j    j ∈ N    are a complete orthonormal base of  H . For any   u ∈ H  , assume that u can be presented as


  u =  ∑  i = 1  ∞   x i   e i  ,   u   H  2  =  ∑  i = 1  ∞   x  i  2  .  











In addition, it follows from    lim  j → ∞    λ j  = − ∞   that for any   N > 0 ,   there is an integral number   J ≥ 1  , such that   − N ≥  λ j  , ∀ j ≥ J + 1  .



Let


   H  1  J  = s p a n   e 1  ,  e 2  , … ,  e J    and   H  2  J  =    H  1  J   ⊥  .  











Then, each   u ∈ H   can be decomposed as


    u   =    P u +  I − P  u : =  u 1  +  u 2  ,       u 1    =     ∑  i = 1  J   x i   e i  ∈  H  1  J  ,   u 2  =  ∑  i = J + 1  ∞   x i   e i  ∈  H  2  J  ,     








where   P :  H →  H  1  J    is the projector.



By using the condition (5), there exists positive constants   C > 0  , such that for any bounded set   B ⊂  H 1  ,   there exists a    t B  > 0  , which satisfies that


   1 2   d  d t     u , u  H  =    u ·  , u  H  =   A u + G  t , u  , u  H  ≤ −   u    H  1 2    2  + C .  











Since    H  1 2   ↪ H  , there exists    C 1  > 0  , such that


    u   H  1 2    ≥  C 1    u  H  ,  ∀ u ∈  H  1 2   .  











Hence,


   1 2   d  d t     u   H  2  ≤ −  C  1  2    u   H  2  + C ,  











By Gronwall’s inequality in differential form Lemma 2.3 of [18], we obtain that


    u   H  2  ≤  e  − α t      u 0    H  2  +   2 C  α   1 −  e  − α t    ,  



(6)




where   α = 2  C  1  2   . Assume that   r > 0  , such that     2 C  α  <  r 2   . Since B is bounded, there exists a constant    K B  > 0  , such that for any    u 0  ∈ B ,    u 0     H   ≤  K B  .   It follows from (6) that if we take   t B   big enough, such that     u  t ,  u 0     H  2  =   Q  t   u 0    H  2  ≤  r 2  , ∀ t ≥  t B   . Hence,    B r  ⊂ H   is an absorbing set. Moreover, this implies that


    P Q  t   u 0   H  ≤ r ,  ∀ t ≥  t B  .  











It means that      P Q  t  B  H    t ≥  t B     is bounded.



It follows that from the inner product of Equation (3) in  H  with   u 2  , we have


      1 2   d  d t     u ,  u 2   H      =  1 2   d  d t      u 2  ,  u 2   H  =  1 2   d  d t     u , u −  u 1   H           =  1 2   d  d t     u , u  H  −  1 2   d  d t      u 1  ,  u 1   H           =    u ·  , u  H  −     u ·  1  ,  u 1   H           =   A u + G  t , u  , u  H  −     u ·  1  ,  u 1   H           ≤ −   u    H  1 2    2  + C −     u ·  1  ,  u 1   H  , ∀ t ≥  t B  ,     



(7)




and


       A  u 2  ,  u 2   H  =     −    u 2     H  1 2    2       =     ∑  i = J + 1  ∞   λ i   x  i  2       ≤    − N  ∑  i = J + 1  ∞   x  i  2  = − N    u 2    H  2  .     



(8)







Note that


      A u , u  H    =     A   u 1  +  u 2   ,  u 1  +  u 2   H       =      A  u 1  ,  u 1   H  +   A  u 2  ,  u 2   H        =    −    u 1     H  1 2    2  −    u 2     H  1 2    2  ,     








it follows from (7) and (8) that


      1 2   d  d t      u 2  ,  u 2   H     ≤    −   u    H  1 2    2  + C −  1 2   d  d t      u 1  ,  u 1   H        ≤    − N    u 2    H  2  + C −  1 2   d  d t      u 1  ,  u 1   H  , ∀ t ≥  t B  .     











By integrating both ends of this inequality, we can obtain that


       u 2    H  2    ≤    − 2 N  ∫   t B   t     u 2    H  2  d s + 2 C  t −  t B   +   u   t B     H  2        ≤    − 2 N  ∫   t B   t     u 2    H  2  d s + 2 C  t −  t B   +  r 2  .     











By Gronwall’s inequality, we have that


     u 2    H  2  ≤  e  − 2 N  t −  t B      r 2  +  C N   1 −  e  − 2 N  t −  t B      ,  ∀ t ≥  t B   








and   N > 0   is arbitrary. Therefore, N is large enough, such that   C N     < ε  ; then, we deduce that the Condition (C*) of [19] holds. Hence, it follows from Theorems 3.3 and 4.1 in [19] that in the system (3) exists a global exponentially attracting set    A *  ˜  ; it exponentially attracts any bounded set under the  H -norm. □





From now on, we denote that   H =  L 2   Ω   ,    H 1  =  H  0  1   Ω  ∩  C  2 , 1    Ω   ,    H 7  = H × H × H ×     H × H × H × H   and    H  1  7  =  H 1  ×  H 1  ×  H 1  ×  H 1  ×  H 1  ×  H 1  ×  H 1   . Note that   H 7   and   H  1  7   are Banach spaces equipped with norm


      S , L , T , E , I , R  T    H 7   : = max    S  H  ,   L  H  ,   T  H  ,   E  H  ,   I  H  ,   R  H  ,   H  H    



(9)




and


      S , L , T , E , I , R  T    H  1  7   : = max    S   H 1   ,   L   H 1   ,   T   H 1   ,   E   H 1   ,   I   H 1   ,   R   H 1   ,   H   H 1    .  











For any given continuous function f on    Ω ¯  ×  0 , + ∞   , we denote


      f *   t     =     sup  x ∈  Ω ¯    f  x , t   and   f *   t  =  inf  x ∈  Ω ¯    f  x , t  ,       f *    =     sup  x ∈  Ω ¯  , t > 0   f  x , t   and   f *  =  inf  x ∈  Ω ¯  , t > 0   f  x , t  .     











By the similar method used in [17], we can prove the following existence, positivity and boundedness of the global solution of the system (1).



Theorem 2.

For each    (  S 0   ( x )  ,  L 0   ( x )  ,  T 0   ( x )  ,  E 0   ( x )  ,  I 0   ( x )  ,  R 0   x  , H  x  )  ∈ C  (  Ω ¯  ×  − τ , 0  )   , system (1) exists a positive and uniformly bounded global solution   ( S ( x , t ) , L ( x , t ) , T ( x , t ) , E ( x , t ) ,      I  ( x , t )  , R  ( x , t )  , H  ( x , t )  ) ∈   C  2 , 1    ( Ω ×  ( − τ , ∞ )  )   .





Proof. 

Since


    A   =    ∇ ·   d S   x  ∇  , ∇ ·   d L   x  ∇  , ∇ ·   d T   x  ∇  , 0 ,         ∇ ·   d I   x  ∇  , ∇ ·   d R   x  ∇  , ∇ ·   d H   x  ∇      








is a symmetrical sectorial operator and all eigenvalues of L are


  0 >  λ 1  ≥  λ 2  ≥ ⋯ ≥  λ K  > … ,   λ K  → − ∞   K → ∞  ,  











Let


     G  S , L , T , E , I , R , H  : =   g 1   S , L , T , E , I , R , H  ,  g 2   S , L , T , E , I , R , H  ,         g 3   S , L , T , E , I , R , H  ,  g 4   S , L , T , E , I , R , H  ,  g 5   S , L , T , E , I , R , H           g 6   S , L , T , E , I , R , H  ,  g 7   S , L , T , E , I , R , H   T  ,     








where


      g 1   S , L , T , E , I , R , H     =    Λ  x , t  −  β 1   x , t    S L   S + L   −  β 2   x , t    S I   S + I           − δ  x , t    S T   S + T   − k σ  x , t    S T   S + T   − μ  x , t  S ,        g 2   S , L , T , E , I , R , H     =     β 1   x , t    S L   S + L   +  β 2   x , t    S I   S + I   +  ν 1   x , t  E         −  μ  x , t  + ω  x , t  + α  x , t   L ,        g 3   S , L , T , E , I , R , H     =    δ  x , t    S T   S + T   + ω  x , t  L −  μ  x , t  + γ  x , t  + σ  x , t   T ,        g 4   S , L , T , E , I , R , H     =    γ  x , t  T + k σ  x , t    S T   S + T           −  μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t   E ,        g 5   S , L , T , E , I , R , H     =    α  x , t  L + σ  x , t  T +  ν 2   x , t  E + ρ  x , t  R         −  μ  x , t  +  η 2   x , t  + ϕ  x , t   I ,        g 6   S , L , T , E , I , R , H     =    ϕ  x , t  I −  μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t   R ,        g 7   S , L , T , E , I , R , H     =     θ 1   x , t  E +  θ 2   x , t  R − μ  x , t  H     











In addition, by means of the differential mean value theorem of multivariate functions and (9),


          g 1    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 1    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      =    −  β 1   x , t      S 1   L 1     S 1  +  L 1    −    S 2   L 2     S 2  +  L 2     −  β 2   x , t      S 1   I 1     S 1  +  I 1    −    S 2   I 2     S 2  +  I 2               −  δ  x , t  + k σ  x , t       S 1   T 1     S 1  +  T 1    −    S 2   T 2     S 2  +  T 2     − μ  x , t    S 1  −  S 2    H      ≤     β  1  *   t    u − v  H  +  β  2  *   t    u − v  H  +   δ *   t  + k  σ *   t     u − v  H           +  μ *   t    u − v  H       =      β  1  *   t  +  β  2  *   t  +  δ *   t  + k  σ *   t  +  μ *   t     u − v  H  ,     








where   u =   S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   , v =   S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    . Similarly,


          g 2    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 2    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      β  1  *   t  +  β  2  *   t  +  ν  1  *   t  +  μ *   t  +  α *   t  +  ω *   t     u − v  H  ,     










          g 3    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 3    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      δ *   t  +  ω *   t  +  γ *   t  +  σ *   t  +  μ *   t     u − v  H  ,     










          g 4    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 4    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      γ *   t  + k  σ *   t   μ *   t  +  η  1  *   t  +  ν  1  *   t  +  ν  2  *   t  +  θ  1  *   t     u − v  H  ,     










          g 5    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 5    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      α *   t  +  σ *   t  +  ν  2  *   t  +  ρ *   t  +  μ *   t  +  η  2  *   t  +  ϕ *   t     u − v  H  ,     










          g 6    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 6    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      ϕ *   t  +  μ *   t  +  η  3  *   t  +  ρ *   t  +  θ  2  *   t     u − v  H  ,     










          g 7    S 1  ,  L 1  ,  T 1  ,  E 1  ,  I 1  ,  R 1  ,  H 1   −  g 7    S 2  ,  L 2  ,  T 2  ,  E 2  ,  I 2  ,  R 2  ,  H 2    H      ≤      θ  1  *   t  +  θ  2  *   t  +  μ *   t     u − v  H  .     











If we choose


     h ( t )    =    max   β  1  *   t  +  β  2  *   t  +  δ *   t  + k  σ *   t  +  μ *   t  ,           β  1  *   t  +  β  2  *   t  +  ν  1  *   t  +  μ *   t  +  α *   t  +  ω *   t  ,          δ *   t  +  ω *   t  +  γ *   t  +  σ *   t  +  μ *   t  ,          γ *   t  + k  σ *   t   μ *   t  +  η  1  *   t  +  ν  1  *   t  +  ν  2  *   t  +  θ  1  *   t  ,          α *   t  +  σ *   t  +  ν  2  *   t  +  ρ *   t  +  μ *   t  +  η  2  *   t  +  ϕ *   t  ,           ϕ *   t  +  μ *   t  +  η  3  *   t  +  ρ *   t  +  θ  2  *   t  ,  θ  1  *   t  +  θ  2  *   t  +  μ *   t   ,     








then


         G  t , u  − G  t , v    H 7       =      g 1   t , u  −  g 1   t , v   ,   g 2   t , u  −  g 2   t , v   ,   g 3   t , u  −  g 3   t , v   ,            g 4   t , u  −  g 4   t , v   ,   g 5   t , u  −  g 5   t , v   ,             g 6   t , u  −  g 6   t , v   ,   g 7   t , u  −  g 7   t , v     H 7       =    max     g 1   t , u  −  g 1   t , v   H  ,    g 2   t , u  −  g 2   t , v   H  ,              g 3   t , u  −  g 3   t , v   H  ,    g 4   t , u  −  g 4   t , v   H  ,    g 5   t , u  −  g 5   t , v   H  ,             g 6   t , u  −  g 6   t , v   H  ,    g 7   t , u  −  g 7   t , v   H       ≤    h  ( t )  ·   u − v   H 7   .     











Hence, the Lipschitz condition is well verified. Therefore, by Theorem 11.3.5 of [20] and Theorem 2.3 of [21], we can guarantee that in system (2) exists a global solution


   S  ( x , t )  , L  ( x , t )  , T  ( x , t )  , E  ( x , t )  , I  ( x , t )  , R  x , t  , H  x , t   ∈  C  2 , 1    ( Ω ×  − τ , ∞  )  .  











According to the method in Lemma 2.1 and Theorem 2.2 of the recent paper [18], we can easily obtain the positivity of the global solution of the system (1). Moreover, by a similar proof of our recent Theorem 3.1 of [17], we can prove that the the global solution of the system (1) is bounded. □





Next, we prove the existence of the global exponentially attracting set of system (1) by verifying the condition (4). Then, we obtain the existence of the global exponentially attracting set of the system (1).



Theorem 3.

In system (1) exists a global exponentially attracting set   A *  ; it exponentially attracts any bounded set in   H 7  .





Proof. 

We first verify condition (4).


                 Λ  x , t  −  β 1   x , t    S L   S + L   −  β 2   x , t    S I   S + I         − δ  x , t    S T   S + T   − k σ  x , t    S T   S + T   − μ  x , t  S     ,    S     H      =     ∫ Ω  Λ  x , t  S d x −  ∫ Ω   β 1   x , t     S 2  L   S + L   d x −  ∫ Ω   β 2   x , t     S 2  I   S + I   d x          −  ∫ Ω   δ  x , t  + k σ  x , t      S 2  T   S + T   d x −  ∫ Ω  μ  x , t   S 2  d x      ≤     Λ *   ∫ Ω  S d x     










                  β 1   x , t    S L   S + L   +  β 2   x , t    S I   S + I   +  ν 1   x , t  E       −  μ  x , t  + ω  x , t  + α  x , t   L     ,    L     H      =     ∫ Ω   β 1   x , t    S  L 2    S + L   d x +  ∫ Ω   β 2   x , t    S L I   S + I   d x          +  ∫ Ω   ν 1   x , t  E L d x −  ∫ Ω   μ  x , t  + α  x , t  + δ  x , t    L 2  d x      ≤     β  1  *   ∫ Ω   L 2  d x +  β  2  *   ∫ Ω  L I d x +  ν  1  *   ∫ Ω  E L d x ,     










         δ  x , t    S T   S + T   + ω  x , t  L −  μ  x , t  + γ  x , t  + σ  x , t   T , T  H      =     ∫ Ω  δ  x , t    S  T 2    S + T   d x +  ∫ Ω  ω  x , t  L T d x          −  ∫ Ω   μ  x , t  + γ  x , t  + σ  x , t    T 2  d x      ≤     δ *   ∫ Ω   T 2  d x +  ω *   ∫ Ω  L T d x ,     










             γ  x , t  T + k σ  x , t    S T   S + T         −  μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t   E     , E  H      =     ∫ Ω  γ  x , t  E T d x +  ∫ Ω  k σ  x , t    S E T   S + T   d x          −  ∫ Ω   μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t    E 2  d x      ≤     γ *   ∫ Ω  E T d x + k  σ *   ∫ Ω  E T d x ,     










                 α  x , t  L + σ  x , t  T +  ν 2   x , t  E + ρ  x , t  R       −  μ  x , t  +  η 2   x , t  + ϕ  x , t   I     ,    I     H      =     ∫ Ω  α  x , t  L I d x +  ∫ Ω  σ  x , t  I T d x +  ∫ Ω   ν 2   x , t  E I d x          +  ∫ Ω  ρ  x , t  I R d x −  ∫ Ω   μ  x , t  +  η 2   x , t  + ϕ  x , t    I 2  d x          ≤  α *   ∫ Ω  L I d x +  σ *   ∫ Ω  I T d x +  ν  2  *   ∫ Ω  E I d x +  ρ *   ∫ Ω  I R d x ,     










         ϕ  x , t  I −  μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t   R , R  H      =     ∫ Ω  ϕ  x , t  I R d x −  ∫ Ω   μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t    R 2  d x      ≤     ϕ *   ∫ Ω  I R d x ,     










          θ 1   x , t  E +  θ 2   x , t  R − μ  x , t  H , H  H      =     ∫ Ω   θ 1   x , t  E H d x +  ∫ Ω   θ 2   x , t  R H d x −  ∫ Ω  μ  x , t   H 2  d x      ≤     θ  1  *   ∫ Ω  E H d x +  θ  2  *   ∫ Ω  R H d x .     











From Theorem 2, we know the solution of system (1)


  u =  S  ( x , t )  , L  ( x , t )  , T  ( x , t )  , E  ( x , t )  , I  ( x , t )  , R  x , t  , H  x , t    








is uniformly bounded, hence, from above the inner product estimation, we can obtain that there exists a constant   C > 0  , such that


    G  t , u  , u   H 7   ≤ C ,  








then condition (4) holds. On the other hand, as we know that


    A   =    ∇ ·   d S   x  ∇  , ∇ ·   d L   x  ∇  , ∇ ·   d T   x  ∇  , 0 , ∇ ·   d I   x  ∇  ,         ∇ ·   d R   x  ∇  , ∇ ·   d H   x  ∇      








is a symmetrical sectorial operator and all eigenvalues of L are


  0 >  λ 1  ≥  λ 2  ≥ ⋯ ≥  λ K  > … ,   λ K  → − ∞   K → ∞  ,  








therefore, by Theorem 1, we can obtain that system (1) has a global exponentially attracting set    A *    . □





After verifying the global exponentially attracting set, we can use our methods in [6,17] similarly to discuss the stability and uniform persistance of the COVID-19 epidemic, which was intervened upon by an epidemiological investigation. It is clearly observed that system (1) demonstrates a disease-free equilibrium    E 0   x  =  (  S 0   x  , 0 , 0 , 0 , 0 , 0 , 0 )   . Linearize the last six equations of the system (1) at the disease-free equilibrium and let   L =  e  λ t   χ  x  , T =  e  λ t   φ  x  ,     E =  e  λ t   ψ  x  , I =  e  λ t   ξ  x  , R =  e  λ t   ζ  x  , H =  e  λ t   ϱ  x   ; we can obtain the following characteristic equation system (10) corresponding to the last six equations of system (1)


      λ Φ  x  = ∇ ·  D  x  ∇ Φ  x   + M  x , t  Φ  x  ,  x ∈ Ω ,         ∂ Φ   ∂ n   = 0 ,  x ∈ ∂ Ω ,      



(10)




where   Φ  x  =   χ  x  , φ  x  , ψ  x  , ξ  x  , ζ  x  , ϱ  x   T  ,  


  D  x  =       d L   x     0   0   0   0   0     0     d T   x     0   0   0   0     0   0   0   0   0   0     0   0   0     d I   x     0   0     0   0   0   0     d R   x     0     0   0   0   0   0     d H   x        








and


       M  x , t        =     m  i j    x , t        =          m 11   x , t     0     ν 1   x , t       β 2   x , t     0   0      ω  x , t       m 22   x , t     0   0   0   0     0    γ  x , t  + k σ  x , t       m 33   x , t     0   0   0      α  x , t      σ  x , t       ν 2   x , t       m 44   x , t      ρ  x , t     0     0   0   0    ϕ  x , t       m 55   x , t     0     0   0     θ 1   x , t     0     θ 2   x , t      − μ  x , t       ,     








where


      m 11   x , t  =  β 1   x , t  −  μ  x , t  + ω  x , t  + α  x , t   ,        m 22   x , t  = δ  x , t  −  μ  x , t  + γ  x , t  + σ  x , t   ,        m 33   x , t  = −  μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t   ,        m 44   x , t  = −  μ  x , t  +  η 2   x , t  + ϕ  x , t   ,        m 55   x , t  = −  μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t       








and    m  i j    x  ≥ 0 , i ≠ j , x ∈  Ω ¯   . By the Krein–Rutman theorem, we can obtain that there exists a real principal eigenvalue   λ *   of Equation (1) and a corresponding eigenvector    Φ *   x  > > 0   for all   x ∈  Ω ¯    in the case of Neumann boundary conditions. Next, we use this principal eigenvalue as a threshold to characterize the spread trend of COVID-19.



Theorem 4.

The following statements are valid.




	(1) 

	
If    λ *  < 0  , then


       lim  t → ∞   S  x , t     =     S 0   x  ,  lim  t → ∞   L  x , t  = 0 ,  lim  t → ∞   T  x , t  = 0 ,        lim  t → ∞   E  x , t     =    0 ,  lim  t → ∞   I  x , t  = 0 ,  lim  t → ∞   R  x , t  = 0 ,  lim  t → ∞   H  x , t  = 0      








in  H , and hence, the disease-free equilibrium is globally asymptotically stable. In a biological sense, the COVID-19 epidemic can be effectively controlled and will eventually die out.




	(2) 

	
If    λ *  > 0  , then there exists a endemic equilibrium   (  S *   x  ,  L *   x  ,  T *   x  ,  E *   x  ,  I *   x  ,  R *   x  ,      H *   x   )   , such that any solution   ( S , L , T , E , I , R , H )   satisfies


       lim  t → ∞   S  x , t     =     S *   x  ,  lim  t → ∞   L  x , t  =  L *   x  ,  lim  t → ∞   T  x , t  =  T *   x  ,        lim  t → ∞   E  x , t     =     E *   x  ,  lim  t → ∞   I  x , t  =  I *   x  ,  lim  t → ∞   R  x , t  =  R *   x  ,        lim  t → ∞   H  x , t     =     H *   x       








for   x ∈  Ω ¯   , and hence, the endemic equilibrium is globally asymptotically stable. In a biological sense, the COVID-19 epidemic continues to coexist with human beings.











Proof. 






	(1)

	
The proof can be obtained by a similar method in the literature [6,17,22].




	(2)

	
Similar to the proof in [6,17], we can obtain that there exists a function   m  x  > 0   independent of the initial data, such that any solution   ( S , L , T , E , I , R )   satisfies


       lim inf   t → ∞   S  x , t     ≥    m  x  ,   lim inf   t → ∞   L  x , t  ≥ m  x  ,         lim inf   t → ∞   T  x , t     ≥    m  x  ,   lim inf   t → ∞   E  x , t  ≥ m  x  ,         lim inf   t → ∞   I  x , t     ≥    m  x  ,   lim inf   t → ∞   R  x , t  ≥ m  x  ,         lim inf   t → ∞   H  x , t     ≥    m  x      



(11)




for   x ∈  Ω ¯   , and hence, the disease persists uniformly. According to the proof of the global exponentially attracting set in [19], it can be observed that global exponentially attracting set   A *   contains the global attractor  A . By Theorem A.2.2 of [23], we can obtain that there exists an equilibrium   (  S *   x  ,  L *   x  ,  T *   x  ,  E *   x  ,  I *   x  ,  R *   x  ,  H *   x  )  , such that any solution   ( S , L , T , E , I , R , H )   satisfies


      lim  t → ∞   S  x , t     =     S *   x  ,  lim  t → ∞   L  x , t  =  L *   x  ,        lim  t → ∞   T  x , t     =     T *   x  ,  lim  t → ∞   E  x , t  =  E *   x  ,        lim  t → ∞   I  x , t     =     I *   x  ,  lim  t → ∞   R  x , t  =  R *   x  ,        lim  t → ∞   H  x , t     =     H *   x  .     



(12)













It follows from (11) that the equilibrium is not the disease-free equilibrium and the each limit of (12) is not equal to 0; thus, this equilibrium is the endemic equilibrium. Hence, the endemic equilibrium is globally asymptotically stable. □






3. Effect Simulation of Epidemiological Investigation


Previously, we provided a strict mathematical proof for the long-term dynamic behavior of the model. Although the global attractor theory is a commonly used method in infinite dimensional dynamic systems, the validation conditions we provided in this article are different from the validation methods in other existing conclusions. The validation conditions we provide are more convenient and can be easily used by researchers even for those who are not majoring in mathematics, which is also an innovation of this article. In order to understanding our theoretical results more intuitively, we will simulate the impact of different epidemic investigation strategies on the epidemic. These epidemic investigation strategies really exist during different periods of China’s fight against COVID-19. Since we want to simulate the long-term dynamic behavior of COVID-19, we innovatively used 0 as the initial value of the compartments in the program for drawing three-dimensional images and select the month as the unit for the time axis.



3.1. Stability and Persistence of COVID-19 in China under the Dynamic Clearing Policy


Before December 2022, the Chinese government has been strictly implementing the prevention and control policy of dynamic clearing and has achieved remarkable results. With the help of official authoritative data and reasonable estimates, we focus on modeling the impact of the interregional movement and epidemiological investigations on the prevention and control of COVID-19. According to the policy of the epidemiological investigation, people who live with or have contact with confirmed or asymptomatic infected persons are the objects of the key investigation. Therefore, the proportional coefficient of the epidemiological investigation of returnees from travel should be greater than 1. In addition, compartment H has little effect on the entire disease spreading process; we focus on simulating the changes of the first six compartments. The specific data are shown in Table 2. Part of the data in Table 2 comes from authoritative official data and part comes from reasonable estimates, which are not arbitrary. Our estimate is based on rigorous mathematical calculations [8,24] using actual official published data within a reasonable range.



Refering to the data in Table 2 and our system (1), we first simulate the spread trend of the novel coronavirus pneumonia epidemic in China (Figure 2).



The image is a more realistic projection of the current spread of the COVID-19 epidemic in China. From the graph, we can observe that COVID-19 is persistent.



If we choose    β 1  = 0.006 ,  β 2  = 0.003   in Table 2, then we can obtain the image in Figure 3. At this time, the disease-free equilibrium is globally asymptotically stable.



If the contact rate is very low (for example    β 1  =  β 2  =  10  − 5    ), the probability of susceptible individuals being infected is very low, and the epidemic will disappear.




3.2. Comparison of Prevention and Control under Different Proportions of Epidemiological Investigation


Our model focuses on an epidemiological investigation and the impact of interregional movement on the prevention and control of COVID-19. Through research, we found that the degree of control of an epidemiological investigation has an impact on people’s desire to travel. Close range activities related to life will continue but also decrease accordingly. When the epidemic investigation policy is tightened, people will go out as little as possible. In order to clearly observe the impact of the epidemiological investigation, we design three epidemiological investigation strategies with different levels. By comparison, we can find that different epidemiological investigations have different effects on COVID-19 prevention and control. First, we focus on the epidemiological investigation of close and sub-close contacts of infected populations. The parameter k in the model represents the proportion of an epidemiological investigation of contact between the susceptible person and the infected person after interregional movement, which essentially describes the scope of the susceptible person, close contact and sub-close contact participating in the epidemiological investigation. We choose   k = 1.7   and   k = 3  , respectively, to simulate the changes of   T , E   and I (Figure 4).



From the Figure 4, we can clearly observe when the scope of the epidemiological investigation expands (  k = 3  ), the number of people participating in the epidemiological investigation increases, and strict policies lead to a significant decrease in people transferring between regions. Due to the increase in the proportion of the epidemiological investigation of co-living people, everyone clearly understands that the risk factor of the current epidemic is at a high level; thus, people’s desire to go out has decreased significantly. At this stage, everyone can avoid travel unless necessary. On the other hand, expanding testing will also find more infected people.



Next, we examine the epidemiological investigation rate of the population that has moved between regions. We choose   γ = 0.3   and   γ = 0.7  , respectively, to simulate the changes of   T , E   and I (Figure 5).



From Figure 5, we can find that implementing a strict epidemiological investigation policy can effectively reduce the number of movement between regions, the number of epidemiological investigations and the number of infected people. Strengthening the epidemiological investigation can effectively control the diffusion of COVID-19.



In Figure 6, while expanding the scope of the epidemiological investigation, we also increased the proportion of the epidemiological investigation. We find that the final effect of this prevention and control policy is similar to Figure 4, because the proportion of the epidemiological investigation of transferors is increased, and the time to find infected people is earlier than that of only expanding the detection scope of the co-living. The strict epidemiological investigation policy shown in Figure 5 has bought more time for the prevention and control of the epidemic, so that infected persons and close contacts can be detected as early as possible, and the further spread of the epidemic can be controlled. The strict epidemiological investigation in Figure 6 is an important part of the current Chinese government’s dynamic clearing policy.




3.3. Effect of Prevention and Control under Circuit-Breaker Mechanism


In China, the dynamic clearing policy requires that once a confirmed case is found in a certain area, the government will quickly carry out a strict epidemiological investigation, including closure and control management, nucleic acid for all employees, and quarantine and treatment in designated hospitals. The Civil Aviation of China has also introduced stricter prevention and control measures for inbound flights. Once the number of positive passengers exceeds 5, the flight will be grounded. This extremely tight control is also known as a circuit-breaker mechanism. The circuit breaker mechanism is also reflected in our model. Lockdown management and travel restrictions will reduce the travel rate to zero, that is, the parameter   δ = ω = 0   in our model. The centralized quarantine can effectively reduce the contact rate, especially the contact rate with confirmed patients, that is,    β 2  = 0  . After considering a strong circuit-breaker mechanism, our model (1) can be evolved, as in Figure 7:



The equations corresponding to the evolution model is shown in system (13),


        ∂ S   ∂ t   = ∇ ·   d S   x  ∇ S  + Λ  x , t  −  β 1   x , t    S L   S + L   − k σ  x , t    S T   S + T   − μ  x , t  S ,         ∂ L   ∂ t   = ∇ ·   d L   x  ∇ L  +  β 1   x , t    S L   S + L   +  ν 1   x , t  E −  μ  x , t  + α  x , t   L ,         ∂ T   ∂ t   = ∇ ·   d T   x  ∇ T  −  μ  x , t  + γ  x , t  + σ  x , t   T ,         ∂ E   ∂ t   = γ  x , t  T + k σ  x , t    S T   S + T                −  μ  x , t  +  η 1   x , t  +  ν 1   x , t  +  ν 2   x , t  +  θ 1   x , t   E ,         ∂ I   ∂ t   = ∇ ·   d I   x  ∇ I  + α  x , t  L + σ  x , t  T +  ν 2   x , t  E + ρ  x , t  R              −  μ  x , t  +  η 2   x , t  + ϕ  x , t   I ,         ∂ R   ∂ t   = ∇ ·   d R   x  ∇ R  + ϕ  x , t  I −  μ  x , t  +  η 3   x , t  + ρ  x , t  +  θ 2   x , t   R ,         ∂ H   ∂ t   = ∇ ·   d H   x  ∇ H  +  θ 1   x , t  E +  θ 2   x , t  R − μ  x , t  H ,               x ∈ Ω , t > 0 ,         ∂ S   ∂ n   =   ∂ L   ∂ n   =   ∂ T   ∂ n   =   ∂ E   ∂ n   =   ∂ I   ∂ n   =   ∂ R   ∂ n   =   ∂ H   ∂ n   = 0 ,  x ∈ ∂ Ω , t > 0 ,       S  x , s  =  S 0   x , s  ≥ 0 , L  x , s  =  L 0   x , s  ≥ 0 , T  x , s  =  T 0   x , s  ≥ 0 ,       E  x , s  =  E 0   x , s  ≥ 0 , I  x , s  =  I 0   x , s  ≥ 0 , R  x , s  =  R 0   x , s  ≥ 0 ,       H  x , s  =  H 0   x , s  ≥ 0 , x ∈ Ω , − τ ≤ s ≤ 0 .      



(13)







The global dynamic behavior of the model (13) can also be obtained by the method in the previous section.



Combined with the actual COVID-19 epidemic prevention and control, we can find that under the powerful circuit-breaker mechanism, asymptomatic infections and confirmed patients will be quarantined in a centralized manner, and they have no possibility of diffusion at all. Other groups of people in the area will also be in a state of restricted movement due to the sealing policy. They can only move within the community, and the living materials are uniformly distributed by the government. Therefore, the diffusion coefficients in model (13) are all equal to 0 or tend to 0 under the circuit-breaker mechanism. Next, we simulate the model with the circuit-breaker mechanism. Select   δ = ω =  β 2  = 0  , and other data will still use the data in Table 2; then, we obtain Figure 8.



From Figure 8, we can clearly observe that after cutting off contact and travel for the first time, with high-density nucleic acid detection, the effect of epidemic control has been greatly improved. At this time, the model tends to have a disease-free equilibrium and is globally asymptotically stable. Comparing Figure 2, we can find that the other simulated data are identical except for   δ = ω =  β 2  = 0  . However, Figure 2 tends towards the endemic equilibrium. This demonstrates that the circuit-breaker mechanism can control the diffusion of COVID-19 faster and make the disease disappear.




3.4. Epidemic Situation in China after the Opening of Epidemiological Investigation Policy


On 7 December 2022, the Chinese government released the policy of epidemic prevention and control. Epidemiological investigations such as trip codes and all staff nucleic acids were cancelled. In the following month, as many as 70% of Chinese people were infected with COVID-19, and the convalescents began to travel in large numbers. According to the data officially released by China, from 8 December 2022 to 12 December 2023, there were 59,938 deaths related to COVID-19 in hospitals in medical institutions across the country, including 54,435 deaths from underlying diseases combined with COVID-19 infection. The average age of death cases is 80.3 years, and more than 90% of them are accompanied by basic diseases.



If we choose   k = γ =  ν 1  =  ν 2  =  θ 1  =  η 1  = 0   in system (1), we can simulate the current COVID-19 diffusion trend in China and the state of the people.



By comparing Figure 2 and Figure 9, we can find that the number of people moving between regions has increased significantly since the epidemiological survey was released. Due to the lack of mandatory nucleic acid testing, the number of asymptomatic patients and infected persons has also increased significantly. Because multiple strains of viruses coexist in China, the number of secondary infections and relapses has also increased dramatically, and the number of completely cured patients has decreased. This comparison just demonstrates that the epidemiological investigation has a very good control over the spread of global infectious diseases. Although COVID-19 is now classified as a Class B infectious disease, an epidemiological investigation is still an effective means to control the epidemic situation when the number of infected people increases sharply due to the virus mutation. Epidemiological investigation can also be used for reference when dealing with other global epidemics in the future.



Based on the previous introduction, we know that in December 2022, the Chinese government cancelled the strategy of conducting epidemic investigations and instead monitored key populations. There has been a surge in social infections. We have compiled the cumulative confirmed cases announced on the official website of the Chinese Health Commission in December (starting on 24 December 2022, the Chinese government no longer released data on a daily basis).



We have listed the data for December 2022 in Table 3.



Comparing the above data with the number of infected individuals simulated by our model, we can draw the following simulation diagram, in which we select the initial value of 30,000 people in the infected person’s compartment.



From Figure 10, we can observe that the simulation effect of our model is in good agreement with the actual data.



In the numerical simulation above, we simulated the prevention and control effects of various epidemiological investigations. We summarize the four most important categories as follows:




	
If the data in Table 2 is selected, the endemic equilibrium is globally asymptotically stable.



	
If the contact rate is very low, the disease-free equilibrium is globally asymptotic and stable.



	
If it is a circuit-breaker mechanism, the disease-free equilibrium is globally asymptotic and stable.



	
When opening the epidemiological investigation policy; the endemic equilibrium is globally asymptotically stable.










4. Conclusions


By 2023, the global COVID-19 epidemic has been effectively controlled, but there are still sporadic outbreaks in some countries. In April 2023, India experienced another wave of COVID-19 outbreaks. Experts also predict that China will have a second wave of COVID-19 from May to June 2023. Therefore, daily monitoring and prevention cannot be relaxed. In this paper, we focused on the impact of epidemiological investigation policies on the COVID-19 outbreak. In order to more intuitively demonstrate the practicality of our results, we discuss the impact of the epidemiological investigation on epidemic prevention and control in light of the current spread of the COVID-19 epidemic. Using Theorem 1, we can obtain that system (1) has a global exponentially attracting set    A *    , then we prove that the COVID-19 model with travel and an epidemiological investigation persists uniformly and that the model has a global exponentially attracting set. Compared with the results in [17], the condition (4) in this article is easier to verify, and the amount of calculation is much less. Our model covers epidemiological investigations at different stages of the COVID-19 epidemic in China. By selecting appropriate parameters to simulate, we provide intuitive results of various epidemiological investigation policies. Although the current COVID-19 epidemic has achieved good control results, other diseases such as the influenza A virus still pose a threat to human health, and the coronavirus may undergo further mutations in the future. The epidemiological investigation experience accumulated during the COVID-19 epidemic can be applied to the prevention and control of other diseases.



The COVID-19 epidemic in China has been effectively controlled, with occasional recurrences and new cases emerging. Based on the current situation of epidemic prevention and control, it is recommended that the Chinese government strengthen the popularization of public health knowledge. Conduct necessary epidemiological investigations on key populations, such as those entering the epidemic area, newly diagnosed and relapsed individuals and their close contacts, and effectively monitor the variation of domestic strains.



Through research, we find that the global exponential attractor theory is more convenient than the Lyapunov method in discussing the long-term dynamic behavior of multi equation coupled systems, and the verification conditions provided in this paper are convenient for researchers of different research directions. Although the COVID-19 pandemic has become a thing of the past in most countries, epidemiological investigations as a prevention and control strategy can be borrowed from the prevention and control of other diseases.
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Figure 1. Transfer diagram for the COVID-19 (  S L T E I R H  ) model with transferors between regions, epidemiological investigation and relapse in a temporal-spatial heterogeneous environment. 
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Figure 2. The spread trend of COVID-19 in China. 
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Figure 3. The global stability of disease-free equilibrium of constant coefficient COVID-19 model. 






Figure 3. The global stability of disease-free equilibrium of constant coefficient COVID-19 model.



[image: Mathematics 11 03027 g003]







[image: Mathematics 11 03027 g004 550] 





Figure 4. Comparison of compartment   T , E   and I under   k = 1.7   and   k = 3  . 
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Figure 5. Comparison of compartment   T , E   and I under   γ = 0.3   and   γ = 0.7  . 
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Figure 6. Comparison of compartment   T , E   and I under different rates of epidemiological investigation. 
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Figure 7. Dynamic clearing COVID-19 model with circuit-breaker mechanism. 
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Figure 8. The dynamics of temporal-spatial heterogeneity in COVID-19 epidemic with circuit-breaker mechanism when   δ = ω =  β 2  = 0  . 
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Figure 9. The spread trend of the COVID-19 in China without epidemiological investigation. 
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Figure 10. Comparison between official data and compartment simulation. 
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Table 1. State variables and parameters of COVID-19 (  S L T E I R H  ) model.
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	Parameter
	Description





	   Λ ( x , t )   
	Total recruitment scale into this homogeneous social mixing community at location x and time t.



	    β i   ( x , t )  , i = 1 , 2   
	Contact rate at location x and time t.



	   α  ( x , t )  , σ  ( x , t )  ,  ν 2   ( x , t )    
	Infection rate at location x and time t.



	   δ ( x , t )   
	Contact rate when moving between regions at location x and time t.



	   γ ( x , t )   
	Rate of epidemiological investigation at location x and time t.



	    θ 1   ( x , t )    
	Release rate of epidemiological investigation at location x and time t.



	    θ 2   ( x , t )    
	Complete cure rate at location x and time t.



	   ρ ( x , t )   
	Relapse rate at location x and time t.



	   ϕ ( x , t )   
	Per-capita recovery (treatment) rate at location x and time t.



	   ω ( x , t )   
	Interregional transfer rate of patients with incubation period and asymptomatic infection at location x and time t.



	    ν 1   ( x , t )    
	Asymptomatic infection rate at location x and time t.



	   μ ( x , t )   
	Natural mortality rate at location x and time t.



	    η i   ( x , t )  , i = 1 , 2 , 3   
	Fatality ratio at location x and time t.



	k
	Epidemiological investigation proportions at different stages of prevention and control.
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Table 2. The parameters’ description of the COVID-19 epidemic in China.
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	Parameter
	Data Estimated
	Data Sources





	  Λ  
	8
	Calculate



	   β 1   
	   0.6   
	Reference [6]



	   β 2   
	   0.3   
	Reference [6]



	  α  
	   0.6   
	Reference [25]



	  ω  
	   0.1   
	Reference [25]



	  γ  
	   0.7   
	Reference [25]



	   ν 1   
	   0.0003   
	Calculate



	   ν 2   
	   0.0002   
	Calculate



	   θ 1   
	   0.7   
	Calculate



	   θ 2   
	   0.8   
	Calculate



	  ρ  
	   0.002   
	Reference [6]



	  ϕ  
	   0.8   
	Reference [25]



	  μ  
	   0.1595   
	Reference [26]



	   η 1   
	   0.021   
	Reference [25]



	   η 2   
	   0.047   
	Reference [25]



	   η 3   
	   0.021   
	Reference [25]



	  δ  
	   0.2   
	Calculate



	  σ  
	   0.2   
	Calculate



	k
	   1.7   
	Calculate



	   d S   
	3
	Calculate



	   d L   
	   2.5   
	Calculate



	   d T   
	5
	Calculate



	   d I   
	   0.3   
	Reference [22]



	   d R   
	2
	Reference [22]
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Table 3. Total confirmed cases in China from December 1st to December 23rd.
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Date

	
Total

	
Date

	
Total




	

	
Confirmed Cases

	

	
Confirmed Cases






	
1 Dec. 2022

	
327,964

	
2 Dec. 2022

	
331,952




	
3 Dec. 2022

	
336,165

	
4 Dec. 2022

	
340,483




	
5 Dec. 2022

	
345,529

	
6 Dec. 2022

	
349,938




	
7 Dec. 2022

	
354,017

	
8 Dec. 2022

	
357,652




	
9 Dec. 2022

	
360,734

	
10 Dec. 2022

	
363,072




	
11 Dec. 2022

	
365,312

	
12 Dec. 2022

	
367,627




	
13 Dec. 2022

	
369,918

	
14 Dec. 2022

	
371,918




	
15 Dec. 2022

	
374,075

	
16 Dec. 2022

	
376,361




	
17 Dec. 2022

	
378,458

	
18 Dec. 2022

	
380,453




	
19 Dec. 2022

	
383,175

	
20 Dec. 2022

	
386,276




	
21 Dec. 2022

	
389,306

	
22 Dec. 2022

	
393,067




	
23 Dec. 2022

	
397,195

	
24 Dec. 2022

	
None
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