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Abstract: Based on the SEIR COVID-19 epidemic model of susceptible people with basic medical
histories, this paper introduces time delay, establishes a class of COVID-19 time-delay
transmission model, obtains the basic reproduction number of its transmission, and determines the
existence of the equilibrium point of the model. The global stability of the equilibrium point is
proved by constructing the Lyapunov function and using the LaSalle invariance principle. The
theoretical results are verified by numerical simulation, and the impact of different time delays on
the spread of COVID-19 is discussed.
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1. Introduction

In early December 2019, there was a rapid global spread of Corona Virus Disease 2019
(COVID-19), a highly contagious respiratory infection caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Typical symptoms include fever, coughing, and
shortness of breath, and in severe cases, the infection can lead to pneumonia, acute respiratory
syndrome, renal failure, and death[1-2]. The outbreak of COVID-19 has had a huge impact on
countries around the world, with countless lives and property losses [3].

Mathematical models and computer simulations, despite their limitations and shortcomings,
remain one of the best methods for analyzing the spread of diseases and controlling their epidemics.
Modeling is very important in epidemiology because, in most cases, we cannot conduct biological
experiments, nor do we have pharmaceutical solutions, and mathematical modeling must be used
to develop and understand epidemiological phenomena in relevant ways, as well as to
quantitatively simulate the likely effects of different intervention strategies [4]. Therefore, during
the disease transmission phase, It is of great significance to use appropriate mathematical models
to simulate, analyze, and predict the epidemic situation of COVID-19 and put forward prevention
and control suggestions.
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Since 2020, modeling and analysis of COVID-19 have become a hot issue and have received
wide attention from scholars. Li Qian et al. [5] constructed a time-delayed COVID-19 non-
autonomous infectious disease model driven by confirmed cases, and detailed numerical studies
revealed the important impact of delayed reporting on the epidemic. Fan Ruguo et al. [6]
established the SEIR dynamic model of the COVID-19 epidemic with an incubation period based
on complex network theory and predicted the inflection point of the COVID-19 epidemic under
three different incubation periods. Yan Yue et al. [7] proposed a time-delay dynamic model of
infectious disease dynamics, introduced time-delay processes into the model to describe the virus
incubation period and treatment cycle, accurately inverted the model parameters, effectively
simulated the development of the epidemic situation, and predicted the epidemic situation's future
trend. Based on the classical SEIR model, Zhang Liying et al. [8] established a discrete-time multi-
stage dynamic time-delay model based on comprehensive consideration of epidemic development
characteristics, intervention impact, medical conditions, experience transmission, and other factors
and divided the transmission cycle of the virus into six stages. Zhai Yijiang et al. [9] considered
that the infection probability of the group with basic disease was higher than that of the group
without basic disease, they modified the classic SEIR model, divided the susceptible group into the
group with basic disease and the group without basic disease, and established the SEIR model with
the susceptible group of basic disease. Yu Zhenhua et al. [10] proposed a new nonlinear dynamic
model of COVID-19 transmission, the SLEIR model, taking into account the low-risk population
that took protective measures during the epidemic, and analyzed the model to reveal the
transmission mechanism of COVID-19. Jin Wei et al. [11] established a SIR Model for the parallel
transmission of two novel coronaviruses with time delay, carried out dynamic analysis of the model,
and verified the conclusion by numerical simulation. Based on the fractional order model, Wei
Qingdong et al. [12] proposed a fractional order population-delayed COVID-19 transmission
model by introducing time delay parameters and proved the guiding significance of this model for
epidemic prevention and control and the importance of the index of basic regeneration through
simulation.

Although the epidemic has become normalized, the use of mathematical models to describe
the transmission law of the epidemic can still accumulate relevant experience for future public

health management [12]. According to the transmission characteristics of COVID-19, in order to



be more in line with the actual situation, this paper proposes a COVID-19 transmission model with
a time delay. Based on the established model, the basic reproduction number of the model is
calculated, the disease-free equilibrium point and endemic equilibrium point of the model are
analyzed, and the stability of the model equilibrium point under the condition of considering time
delay is analyzed. The correctness of the theory is verified by simulation, and the influence of time
delay on the spread of the epidemic is analyzed. Choosing the appropriate incubation period can
predict the development of the epidemic more accurately, and shortening the incubation period of
the virus can effectively control the spread of the epidemic.
2. Model with basic reproduction number

In 2021, Zhai Yijiang et al. [9] proposed the following SEIR (susceptible-exposure-infectious-

recovered) COVID-19 transmission model, including susceptible infection of underlying diseases:

S, =A-pS,1 -6S,-ds,,
S, =6S,-,S,1 -dS,,

E'=4S,1+55S,1-(d+0)E, (1)
|’:O'E—(]/+d +a)|,
R'=y1-dR,

On the basis of model (1), this paper introduces the latent state to the incubation period of infectious
force to study the following SEIR COVID-19 model with time delay, and the corresponding

transmission mechanism is shown in Figure 1:
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Figure 1. Mechanism of transmission



S, =A-pBS,1 -6S,-dS,,
S, =6S, - 3,5,1 -dS,,

=BS1+B,S,1 —e I (t—7)[ BS,(t-7)+ 3,5, (t-7) ]| -dE, )
I'= dTI t— Z' [ﬂl (t—7 +,32 o (t Z'):|—(]/+d+0£)|,
R =yl -dR,
Where S, =S/(t). S,=S,(t). E=E(). I=I1(t) and R=R(t) represent the number of

persons susceptible to no underlying disease, susceptible to underlying disease, exposure, infected

and recovered at time ¢, respectively, A is the input rate, and f 1is the transmission rate

coefficient of susceptible persons without underlying diseases after effective contact with infected

persons, /3, isthe transmission rate coefficient after effective contact between susceptible persons

and infected persons; @ is the rate coefficient of healthy individuals to acquire the underlying

disease; d is the natural mortality coefficient; « is the mortality coefficient of infected persons

due to the disease; y 1is the recovery rate coefficient of infected individuals; and 7 is the

incubation period, that is, the time from exposure to the onset of the disease.
Obviously, in model (2), the states of E and R are not included in equations 1, 2, and 4, so for

convenience, only the following subsystems are considered below:
S, =A-pS,1 -6S,—dS,,
S, =6S,-p,S,1 —dS,, (3)
I'=e I (t-7 [,Bl (t—7)+8,S, t—r)}—ml,
m=y+d+a.
Considering the biological significance, let the initial conditions of system (3) be as follows:
(S.(1),S, (1), 1 (1)) =((t).4(t).4(t)) eC([-7.0].R*) . (t) > 0., (1) 2 0,4, (1) = 0
Lemma 2.1 The solution (81 (t).S,(t). ! (t)) of system (3) satisfying the above initial conditions

is positive for all t>0.

A
Let Q= {(Sl, S,,1):5,20,8,>0,1 20,8, +S,+1 < E} Obviously Q is the positive invariant

set of system (3).



Easy to know system (3) always has a disease-free equilibrium point

A 6A
E , 0.
°£¢9+d d(6+d) j

Letx=(1,S,,S,) , then the original system can be rewritten as follows:

dx

e (x)=V(x),

here
e (t—2)[ BS,(t-7)+ 5,5, (t-7)] m
F ()= 0 , VEX)=| BS,1+6S, +dS —A |,
0 55,1 +dS, —6S,

After linearization at the disease-free equilibrium point E, A , 0A L0
O+d d(6+d)

- {e_dr[dﬂf} d(ﬁffe)n’ v=(m).

the calculated regeneration matrix is:

vl iefdf ﬁ1A+ BOA :Aefdr(dﬂﬁ@ﬂz)’
m d+6 d(d+0) md (d +6)

and its spectral radius is as follows:

Ae ™ (d B, +6p,)
md (d +6)

p(FV?)=

Therefore, according to Theorem 2 of reference [13], the basic reproduction number of system (3)
is:

B A" (dB,+68B,)

° md (d +6)

3. Existence of equilibrium point

0A
6+d 'd(0+d

When R, <1, the system has a disease-free equilibrium point E, ( ) , 0] ; When

R, >1, the system has an endemic equilibrium E*(Sl*,Sz*, I*) in addition to E,, which is a

positive solution of the following system:



A-pS,1-6S,-dS, =0,
S, - f3,S,1 —dS, =0, 4)
eI (BS,+5S,)-ml =0,

from the first equation of system (4), the following can be obtained:

A
S =—
Bl+0+d

the second equation can be transformed as follows:

s _ oA
2 (B +0+d) (B0 +d)

and the third equation can be transformed into:
[e_dr (18181 + /5,5, ) - m:' I =0,

Substitute S, and S, into the above equation:

A, POA —me® =0,
Bl+6+d (Bl1+60+d)(B,1+d)
dr
Put f(I)= A 5.0 me , then

CBl+0+d +(ﬂll +0+d)(B1+d) A

f(o)=to L0 me" g —1)medr>o,
o+d (0+d)d A °

f(éjz dg . B,0d° _ me”
d) BA+6d+d* (BA+0d+d?)(B,A+d%) A
dr
:% B+ p,0d |- me
L A+6d+d L,A+d A
dr
< d : (ﬂl +@j_ me
L A+6d +d A A
A me”
< _
d A
:l(d -me*)<0
A )
It follows that the function f (I ) is monotonically decreasing with respect to | , so if and only

. : : : . A
if R, >1, there exists a unique root of the equation f (I ) =0 in the interval [0, Ej .



By f(1)=0,we get:

A 2 _me” o
pl+0+d  (Bl+0+d)(B1+d) A

that is

A(BB,N +Bd+ B,0)-me” (Bl +0+d)(S,1 +d)
A(B1+60+d)(B,1 +d)

therefore, the quadratic equation with respectto | 1is obtained:

=-me* BB,17 +(ABB,—~me” (Bd + B0+ B,d)) 1 + ABd + AB,0 —me®d (0+d)
=0,

:O,

the equation can be deformed into:

me® B,,1° —(AB,B, —me (Bd + B0+ B,d)) 1 - ABd +AB,0—me’"d (6+d)]|=0,
the positive solution can be obtained as follows:

) b+\/b2 +4me® 8,8, md (d +6)e™ (R,-1) ]
) 2me” 4,5,

where b=[ ABS, —me™ (Bd+B,0+p,d)].

From the previous derivation, we can see that:

. A . OA

% Al +0+d] > (BI7+0+d)(B,1"+d)

In conclusion, the existence theorem of the equilibrium point of endemic diseases can be obtained.
Theorem 1 When R,>1, a unique endemic equilibrium E (Sl*, S, I*) exists in the
system.

4 The stability of the equilibrium

4.1 7 =0, the local stability of the equilibrium point

Theorem 2 When R, <1, the equilibrium point is locally asymptotically stable; When

R, >1, the equilibrium point is unstable.

. A A
Proof The Jacobian of the system at E, [ 0 ] ;

, ,0
O+d d(6+d)



—(49+d) 0 -B.S;,
J (EO) = 0 —d —B,S, ,
0 0 ﬂlSlO + :stzo —-m

clearly —(d+6), and —d are the two eigenvalues of the matrix J(E,), and the third

eigenvalue of the matrix is:

_BA,_BOA

S,+6,S,—m=
ﬂl 10 ﬂz 20 9+d d(9+d)

-m=R, -1,

thus, whenR <1, the equilibrium point E; is locally asymptotically stable; whenR, >1, the

equilibrium point is unstable.

Theorem 3 When R, >1, the endemic equilibrium point E (Sl*, S, I*) of the model is
locally asymptotically stable.
Proof The equilibrium point E” satisfies
(BS, + 8,8, )1"—ml” =0,
)

13181* + ﬂzsz* =m.

The characteristic equation of the system at E™ is as follows.:

A+B1"+0+d 0 BS,
—0 A+B1"+d  B,S, |=22+cA*+c,A+c, =0.
_ﬂll* _:le* A

where

. =1"(B+B)+2d+6,

C, = ﬂlﬂzl*z +(ﬁ1281’k +ﬂ2282* +(,Bl +ﬂ2)d +ﬂ219) | +d?+ do,
¢ =1 [(B1 +d+0)BS, +(B1" +60) B8, + pdS |,
The calculation shows that

c,>0, ¢-c,-¢,>0, ¢c;>0.

Therefore, according to the Rough-Hurwitz criterion, the endemic equilibrium E of the model is

locally asymptotically stable when R, >1.



4.2 7>0, the stability of the equilibrium

In order to discuss the stability of the equilibrium point, the system is linearized at the
equilibrium point E” (Sl*, S, I*) as follows:
Let
U=S-S5,V=S,-S, W=I-1,
then:
U'=A-B(UW+1U+SW+S1")-(0+d)U —(6+d)S/,

V/'=0(S+U) =B, (V+S, )W +17)-d(V+S,),

W =e (W (t-2)+ 1) B, (U (t-2)+8)+ B,(V (t-7)+S,") |-m(W +17),
Take the linear term:
U'=—(B1"+0+d)U - BS,W,
V'=0U —(B,1"+d)V - A,S,W,
W' =e“BIU(t-7)+e BV (t-1)+| e (B8, +£S,) W (t-7)-mW,

U C,
Substituting |V |=| ¢, |e*" and eliminating ¢; leads to the following characteristic matrix:

W C,

A+(B1+60+d) 0 BiS,

-0 A+ B, +d 5.5,

_e—dr—ﬂ‘rﬂll _e—dr—/lrﬂzl 2« _e—dr—lr (ﬂlsl + ﬁzsz)_"_ m
e . A OA .
Theorem 4 When R,<1, the equilibrium point E, : ,0| is locally
f+d d(6+d)

asymptotically stable.

Proof 7 >0, the characteristic equation of the system at is as follows.



+(6@+d) O ey
6+d
0 A+ _BOA
d(6+d)
0 0 i_e—dr—ir[ﬂlA + ﬂZHA j‘i_m
f+d d(6+d)
_ —dr At ﬁlA 1820A
—(ﬁ+d)(/1+9+d)[ £9+d+d(9+d)]+mJ

=0,
Clearly the above equation has two negative roots A=-d and A=-0-d, and the remaining

roots are determined by the following equation:

i_}_m_e—dr—ﬂr ﬁlA + ﬁZHA =O’
O+d d(6+d)

Put f(A)=A+m-e AA | _BOA =0,
0+d d(6+d)

Suppose that there exists aroot A = y+iw ( o> 0) in the above equation, substitute it in to obtain:

U+io+m—g i BA | _POA =0,
0+d d(t9+d)
that is
p+io+m—g T PA | POA (coswr +isinwr)=0,
0+d d(6+d)

comparing the real parts of both sides of the equation gives:

(d+u)r (ﬁ1d+182 )

=0,
d(9+d) Coswt

H+m—e

—(d+u)r

since u >0, g (A i decreasing in [O, +oo] , meanwhile 0<e <1, 0< |COS a)2'| <1,

SO

@ (BA+B,0) A

[L+m—ge ) cos wr
Z‘H_I_m_e—dr (ﬂld+ﬂ2 )

d(6+d)
=,u+m(1—RO),
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d+,u (ﬂ1d+ﬂ2 )

coswzr >20. So the
d(6+d)

therefore when R, <1 and x>0, there is u+m —e

roots of the characteristic equation cannot have nonnegative real parts, that is, only negative real

roots.

In summary, When R, <1, the equilibrium point E, is locally asymptotically stable.

A OA OJ

Theorem 5 When R, <1, the equilibrium point E, :(Slovszoo) :Lg d'd (9 d)’
y + +

is globally asymptotically stable.

Proof Since A=(60+d)S,,, the first two equations of the model can be rewritten as follows:
S, =(0+d+B1)(S,—5,)-BSl,

S, =0(S,-S,)—(d+A,1)(S, =Sy ) SSxl,
then we take the Lyapunov function:

L=1(s,-s,) +%X(SZ S, vl +ye [ [8,(0)1(6)+5,(0)1(6)]do.

2

the direct calculation has the total derivative of the solution of the function L, along the system

(3):
=(S,-S,)S, +X(S,—S5)S, +yI’

ye [ B8 + 8,81 = B8, (t-7)1 (t=7)+ 5,5, (t-7) 1 (t-7)]
:—(6?+d+ﬁ1 )(S1=S1)" = BiSiol (S1 =S5 )+X0(S, = S1)(S, = o)
~x(d+B,1)(S,=Sx) = XB,Sxl (S, =Sy )+ YE™ (BS,1 + 3,5, ) — yml
<—(0+0)(8,= 81 )" +X0(S, =515 ) (S, = S0 ) ~Xd (S, — Sy )’
XSS5l (S, = S,0) = BSil (S =Sy ) + Y& ™ (BS,1 + B,S,1 ) — yml
=—(0+d)(S,=S,)" +X0(S,~ S )(S, ~Sp)—xd (S, ~ S, )’
~(Sip—¥e™™) BS,1 —(XS,, — ye ™) B,S,1 +(BS,” + XS, — ym)1,

S, d
In order to cancel out the S;1 and S,l terms, set x=-1= 2 and y=S5,e", so
20

d2
L1 ‘(3) 0+d)(81_810)2 +d (Sl_slo)(sz _Szo)_;(sz _820)2
+(ﬂ18102 +X,S0" — ym) I

while for the quadratic polynomial in the above equation
11



d2

_(9+d)(81—510)2 +d(S,-S,)(S, —SZO)—z(S2 _520)2’

because

2 d2 2 1 3
A=d’-4—(d+0)=-3d*-4=d° <0,
o o

thus this polynomial is negative definite with respect to S, and S,,.

Also, note that when R <1, the coefficient of the | term

:815102 + Xﬂzszo2 —-ym
= 1318102 + 132810820 - mSloedT

=Sy (/31810 + 5,55 — medr)
=S, (Ro —1) <0,
SO
' d?
L ‘(3) < —(6’+d)(Sl—Slo)2 +d (Sl_slo)(sz _Szo)_;(sz _520)2

+ (ﬁlsloz +%f3,55" — ym) |
<0,

It is also easy to know that the largest invariant set of L/ ‘(3) =0 on Q is{E,}. Therefore,
according to LaSalle's invariance principle [14], when R,<1, the equilibrium point
E, = (Sm, SZO’O) is globally asymptotically stable.

Theorem 6 When R, >1, the endemic equilibrium point E (Sl*, S, I*) of the model is

locally asymptotically stable.

Proof The characteristic equation of system (3) at €0 is as follows:

A+ L1 +0+d 0 BS,
0 A+B,1" +d B,S, =0,
_ﬂle—dr—},r I * _ﬂze—dr—lr I * ﬂ, _ e—dr—ﬂ.r (ﬂlsl* + ﬂzsg*)"" m

Clearly the above equation is equivalent to
A +ai’+bi+c +(a,A" +hA+c,)e ™ =0, (5)
where

12



a,=p1 +B1 +2d+0+m,

b =B +[(m+d)(B,+B,)+6B, |1 +d(d+2m+0)+mo,
¢, =ML +m[Ad +B,d + B0]1" +dm(d +6),
a,=—(BS, +5,5,)e",

b, :—[ﬂlﬂzl*(sl*+Sz*)+(,BlSl*+ﬂZSZ*)(9+2d )}e*df,

¢, =—d[ BB (S +8,)+(BS +8S,)(6+d) e

Let A=iw be the root of the above equation, then substitute in and obtain:

b,wsin (rw)+(c, —a,0” )cos(rw) = a,0° -,

b, cos(zw)+ (¢, — a,0° )sin () = & —bo, (6)
and then
o° +a,0" +bw’ +¢, =0. 7
Let @°=Z, then
h(z)=2"+a,2* +b,z+c, =0. )

2

where: a,=a’-2b —a’, b,=b*-b’-2ac +2ac,, ¢,=c’-C’

If the coefficients in h(z) satisfy the Routh-Hurwitz condition, then there is no positive real
root in Equation (8), that is, there may be no positive w satisfying the transcendental equation (6).

On the other hand, considering that the values of the coefficients in Equation (8) do not satisfy

the Routh-Hurwitz condition, we may wish to assume condition P2: ¢, <0, thatis ¢, +c, <0,
C, —C, > 0, then there exists at least one positive real root in Equation (8), in which case there
exists @, >0 such that there exists a pair of pure imaginary roots A =+i@, of equation (5).
If condition P2 holds, thatis ¢ +c, <0, ¢, —c, >0, atthis point ¢, —c, >0 is clearly true, by

calculation

13



C,+C, =mB 177 +m[pd + B,d+ B,0]1"+dm(6 +d)
—d[ BB (S, +8,)+(BS, +5,8,)(0+d) [e ™
=" [mBAI +m(Bd + B,d + B,0)—e " BB, (S +S,) ]
=1 [e T BB[SI(BY —d)+S, (B —d) [+ m(Bd + Bd+ 5,0) |
> 0.

Therefore, there is no positive real root in Equation (8), so when >0 and R, >1, the endemic
equilibrium point g* is locally asymptotically stable.
The global stability of the endemic disease equilibrium point is proved below:

Theorem 7 When R, >1, the endemic equilibrium point E (Sl*, S,’, I*) of the model is

globally asymptotically stable.

Proof Take the Lyapunov function

« [ S « S « (1
=S, g| =% |+S, 9| =% [+xlI'g| —= |,
LZl ]_g[sl*j Zg(sz*j g[l*j
where g(u)=u—-1-Inu.

Then the total derivative of the solution of function L,, along system (3) is:

* *

' S S
Ly L) = (1—8—1J[A—ﬁlSll -5, —d81]+[ —S—Z][es1 - 3,5,1 - dS,]

1 2

+X 1—IT*][ed’l (t—T)(ﬁlsl(t—T)+,8282(t—’[))—m|:|,

let U= Sl* V= SZ* W zl*,then
S, S, |
L,/| = (1—1j[A— B.S, 'UW -6SU —dS, U | +(1—1][esl*u = 3,8, VW —dS,V |
©) U Vv

+ x(l—viv)[ed’I\N(t—r)(,Blsl*U t-7)+B,S,V(t —r))—ml’w]

=A+(0+d)S, +dS, +xml™ —dS; U —Ué—dSZ\/ —981*%

+(BS, +B,S, —xm)I'W - BST'UW — 3,8, T'VW
+xe‘”I’W(t—r){,BlSl* (U (t —r)—U (\t/v_ T)j+ﬂzsz* (v (t-7) —%ﬂ

To get rid of the W term, we can take X = %( BS, + ﬂZSZ*), In addition A= BS, 1" +6S, +dS,’,

14



0S, = 3,5, 1" +dS,”, substitute them into the above equation:

=dsl*(2—u —1j+ds;(3_v _E_Ej
® U u Vv

!

L21

- B oy Ut-oW(t-1)
+ 45,1 (2 U UW+U(t-7)W(t—7) W J

_V(t—r)W(t—r))

W
take L, = t [U(@OW (6)-1-In(U (OW ()6, L, = |, t [V (O)W (6) —1—In(V (O)W (6)) |6,
let

Lz = L21 + ﬁlsl*l *L22 + ﬂzsz*l *L23 >

then the total derivative of the solution of function L, along system (3) is:

!

L :dsl*(Z—U—£j+d82*[3—V—i—Ej
®) U u Vv
+,B151*I*(2—1—U(t_r)w(t_r)ﬂnu(t_f)w(t_r)]
U W uw
+,8282*I*(3—£—%—V(t_1)w(t_T)+I V(t—r)W(t—r)J
<0.

It is also easy to know that the largest invariant set of L, ‘ @ =0 onQis {E*} . Therefore,

according to LaSalle's invariance principle [14], when R, >1, the endemic disease equilibrium

point E = (Sl*, S,’, I*) is globally asymptotically stable.

5. Numerical simulation

According to the biological significance of the system and some parameter values and initial

values in the literature [9, 15-16], MATLAB software was used for numerical simulation. The

following parameters and initial values that meet the conditions are taken to simulate the existence

of the endemic equilibrium point and analyze the influence of time delay on the changing trend of

the epidemic situation. In order to combine with reality, the initial value here will be taken to be

the size equivalent to the population of a large city:

A=60000, B, =2.1011x107, 3, = 7.1443x107, 9 =0.1, d =0.045, y =0.33029,

a =1.7826x10°, 7 =5.3, S, (0)=1000000, S, (0)=100000, I (0)=1000.
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Figure 2. Epidemic spread Figure 3. Effects of different time delays on epidemic transmission

The basic reproduction number R, =156 >1 was calculated, and the final simulation result

is shown in Figure 2. It was observed that all variables tend to stabilize after a period of time, which
proved the existence of a non-negative endemic equilibrium point. According to Theorem 7, the
endemic equilibrium point is globally asymptotically stable at this point, and clearly the numerical
simulation results are in agreement with the theory.

The incubation period of COVID-19 is generally 3-7 days, and the maximum is 14 days, so
the other parameters are unchanged and the time delay is set to, respectively. The numerical
simulation results are shown in Figure 3. We can observe that the larger the time delay, the slower
the increase in the cumulative number of infected people. However, the final stability level
corresponding to different time delays is not much different. In contrast, the results of considering

time lag (such as an inflection point) would be more consistent with the actual situation.

The change in time delay makes the solution (such as | (t)) of the time delay system (3)
shake, which may lead to multiple outbreaks of the epidemic. For example, when 7>7, the
number of infected persons appears to have reached a second peak immediately after the first peak,
a large time-delay may lead to a second outbreak of the epidemic.

6. Conclusion

In this paper, the existence and stability of the equilibrium point are discussed separately

according to the constructed SEIR-based time-delay model. The basic reproduction number R,
is calculated. First, it is proved that when 7=0, the disease-free equilibrium is locally
asymptotically-stable when R, <1, while the endemic equilibrium is locally asymptotically-stable
when R, >1. Then we mainly analyze the stability of the system when 7 >0. The following
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conclusions are drawn: when R <1, the disease-free equilibrium is globally asymptotically stable;

when R, >1, the endemic equilibrium is globally asymptotically stable. Finally, the results of

simulations show that the previously derived conclusions about the stability of the equilibrium

point are correct. Therefore, in order to better prevent and control the epidemic, we should take

measures to keep R, below 1. In addition, the influence of different time delays on the epidemic

was observed through numerical simulation, indicating the importance of selecting appropriate

time delays for the prediction of epidemic development.

Although the conclusions obtained from the model established in this paper can well reflect
the changes in the spread of COVID-19, the epidemic modeling needs to consider many factors.
This paper is relatively simple and has limitations. For example, only a discrete time delay is
assumed in the model, and the impact of quarantine, vaccination, and other measures on the spread
of the epidemic is not considered.
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