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Abstract: Among many epidemic prevention measures, isolation is an important method to control
the spread of infectious disease. Scholars rarely study the impact of isolation on disease dissemina-
tion from a quantitative perspective. In this paper, we introduce an isolation ratio and establish the
corresponding model. The basic reproductive number and its biological explanation are given. The
stability conditions of the disease-free and endemic equilibria are obtained by analyzing its distribu-
tion of characteristic values. It is shown that the isolation ratio has an important influence on the basic
reproductive number and the stability conditions. Taking the COVID-19 in Wuhan as an example,
1solating more than 68% of the population can control the spread of the epidemic. This method can
provide precise epidemic prevention strategies for government departments. Numerical simulations
verify the effectiveness of the results.
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1. Introduction

Even if the vaccine is successfully developed and widely vaccinated all over the world, COVID-
19 [1-8] still rages around the world. During a pandemic, governments take various measures to slow
down the spread of the disease, such as keeping social distance, banning large-scale parties, and even
imposing curfews. Strictly controlling the flow of people can combat the epidemic, but it can hurt
economic development at the same time. So it is very meaningful to find a suitable isolation ratio
which can not only ensure the orderly progress of work and life, but also control the wide spread of the
virus. In this paper, we construct a model to analyze the relationship between infected population and
social isolation by introducing the isolation ratio.

With the efforts of previous scholars, many typical models have been gradually accumulated, which
also reflects that infectious disease model is an important content of research [9—14]. System (1.1) first
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proposed by Kermack and McKendrick pioneered the study of infectious diseases [15].

S =bN -pBSI-bS,
I =BSI-vyI—-(a+b), (1.1)
R =yI - bR.

S, R, and I respectively represent susceptible population, recovered population and infected population.
The total population N satisfies the equation N = S +7+R without considering the migration population.
B is the infected rate, and vy is the recovery rate. The elimination rate of the infected people is a + b.
SIR model has an assumption that infected patients are immune after rehabilitation. When rehabilitated
people are no longer immune to the virus, it means that they are at risk of secondary infection. Then,
it becomes SIRS [16, 17] model

S =bN —BSI—-bS +cR,

I=BSI—vyI—(a+b), (1.2)

R =yI - bR,

where ¢ represents infection rate of convalescent patients. Zhao et al. [17] studied an SIRS model
with pulse vaccination and birth pulse. The stability of the infection-free periodic solution and the
existence of nontrivial periodic solution which was bifurcated from the infection-free periodic solution
were discussed by the Poincaré map and the bifurcation theory. It was obtained when the threshold
was reached, a nontrivial periodic solution would appear through supercritical bifurcation.

Since some infectious diseases such as COVID-19 have latent period, asymptomatic infections must
be considered. Then SEIR model [18-24] is proposed

S =bN —BSI - bS,
E =pBSI1 - yE — bE,
I =yE —(a+b),
R =yl - bR.

(1.3)

Saikia et al. [18] used SEIR model to predict the epidemic trend in India, and found the existence of
peak day, meaning a sudden shift in the mode of disease transmission. In [19], based on the propagation
characteristics of COVID-19, SEIR model was improved to SEIQR model and its basic reproductive
number was derived. The results showed that the improved model had better predictive power and
successfully captured the development process of the COVID-19. When we need to consider that the
rehabilitated persons have secondary infection, the system (1.3) becomes SEIRS model [25-27] as
follows

S =bN —BSI—bS +cR,
E =BSI-yE - bE,

I =yE —(a+b),

R =yl — bR.

(1.4)

In [25], Britton et al. considered the impact of an infectious disease with escape ability on population
growth. Four possible results were obtained in this paper: (1) disease died out quickly, only infecting
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few; (2) epidemic took off, but the proportion of infected people was still negligible; (3) infectious
disease spread rapidly, and the proportion of infected people had reached a local balance; (4) disease
spread widely and rapidly, transforming exponential population growth into exponential decay. Lu et
al. [26] proposed a new criterion for determining the global asymptotic stability of nonlinear systems,
which was based on the geometric method proposed by Li and Muldowney. Otunuga et al. [27] es-
timated and analyzed the time-dependent parameters: symptomatic recovery rate, transmission rate,
immunity rate and the effective reproduction number for COVID-19 in the United States during the
01/22/2020-02/25/2021 period based on the SEIRS model, where the infected population was clas-
sified as the symptomatic infected population and asymptomatic infectious population. It should be
noted that the infectious disease model we discussed, whether SEIR model or SEIRS model, does not
have the ability of vertical transmission. In other words, the virus cannot be transmitted to the unborn
foetus.

In [28], Abdelaziz et al. investigated a discrete-time SEIR epidemic model with constant vaccina-
tion and fractional-order, and got its basic reproduction number. They obtained the local and global
stability conditions at equilibriums and discussed two types of codimension one bifurcation which were
called Neimark-Sacker bifurcation and flip bifurcation. The criterion used was based on the character-
istic coefficient equation instead of the properties of the eigenvalues of the Jacobian matrix. Thirthar
et al. [29] established an S /;/;R model with general recovery functions and saturated incidence of the
disease ;. The local stability and global stability of disease-free equilibrium and endemic equilibrium
were given by the basic reproductive number and Lyapunov function. The system studied had neither
Saddle-node bifurcation and Transcritical bifurcation near the disease-free equilibrium point under
2So < u+ € + 6 and Ey = 1. Liu et al. [30] studied the existence and uniqueness of the positive
solution in the transmission of two diseases between two groups, which could be called S1/,R;S LR,
model.

Most works on infectious disease models mainly study the prediction of future trends based on sta-
tistical data from different regions. This paper introduces the isolation ratio and establishes the S 1,/,QOR
model where S, I,,, I, O and R respectively represent susceptible, asymptomatic, symptomatic, quar-
antined and recovery classes. We give the basic reproductive number of the model and its biological
significance. The stability conditions of the disease-free and endemic equilibria are obtained by ana-
lyzing its distribution of characteristic values. The results show that isolation ratio has an important
impact on the basic reproductive number and the stability conditions. As p increases, R decreases, and
this effect is amplified by square. The simulation results verify the influence of isolation ratio on the
system. The rest of this paper is as follows. In Section 2, we establish an S 1,/;QR model. In Section 3,
we obtain the basic reproductive number and give its biological explanation. In Section 4, the stability
conditions of the disease-free and endemic equilibria are discussed. In Section 5, we investigate the
influence of several important parameters on epidemic spread from numerical simulations. Finally, in
Section 6, we summarize and discuss this paper.

2. Modeling
In recent years, in view of the frequent attacks of infectious diseases on humans, experts and schol-
ars have established various models according to different propagation characteristics [31-34]. In this

paper, we divide the crowd into five storerooms, which are susceptible class (S (¢)), asymptomatic in-
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fection class (/,(¢)), symptomatic infection class (/,(¢)), quarantine class (Q(t)), and recovery class
(R(?)), assuming the general population is N(¢) = S (¢) + 1,(t) + I,(¢t) + Q(¢) + R(¢).

Susceptible class (S (¢)): It is assumed that the input of the population is a constant (A) and the nat-
ural mortality of the population is u. Both symptomatic patients and asymptomatic patients have the
ability to infect, and the transmission ability of symptomatic patients is stronger than that of asymp-
tomatic patients (@, < a;). The proportion of people isolated by the government is p. The contact
between susceptible people and infected people is @,S (1 — p)I,(1 — p) + @S (1 — p)I(1 — p). There is
no vertical transmission of the disease. The change rate of susceptible groups is

S =A-a,l-p)>*SIL,—al-p?>SI—us.

Remark 1 In the process of disease transmission, the infection process has a linear and proportional
relationship with (1 — p)?, because the isolated objects include infected class and susceptible class.
From the perspective of spatial density, if two groups are reduced by the same proportion of p, then
the probability of meeting becomes (1 — p)? of the original ones. In the predator-prey model, if the
proportion of sheltered prey is g, the probability of predator and prey meeting is 1 — g of the original
ones. It is a linear and proportional relation between the predatory process and 1 — g, because the
shelter only acts on the prey [35].

Asymptomatic class (/,(¢)): It is assumed that all infected persons will experience a incubation
period, and the infected persons in the incubation period will be transformed into symptomatic patients
in a fixed proportion of 8. The change rate of asymptomatic groups is

Ia = aa(l - P)ZSIa + a’s(l - P)ZSIY _ﬁla _:UIa-

Symptomatic class (/,(7)): Symptomatic infected persons will be detected and admitted to hospitals
for isolation in proportion to y. The recovery and mortality rate of infected patients without treatment
are 01 and y; + u. Then, the change rate of symptomatic class is

js =Bl — vyl — 611y — 1y — .

Quarantined class (Q(7)): Because of medical treatment, the cure rate of isolated patients will be
higher and the mortality rate will be lower than the symptomatic class 6, > 9, u, < u;. Differential
equation on quarantined class (Q(t)) is

0 =yl 6,0 - 11,0 — uQ.
Recovery class (R(t)): The recovery class comes from symptomatic class in the proportion ¢; and
quarantined class in proportion ¢,. Then we get
R = 51[5 + 52Q —/lR
Integrating the above five dimensions, we obtain

S =A-a,l-p)?SL —a,(-pPSI - pus,

L = a,(1 - py*SI, + a1 — p)*SI, - BI, — ul,,

Iy =Bl =yl — 61 — I — pl, (2.1)
0 =vIl-60- w0 - uo,

R=0611,+85,0— uR.

The initial conditions of system (2.1) are S(t,) = S° > 0,1,(t)) = 12 > 0,1ty = I? >0

O(ty) = 0° > 0,R(ty) = R° > 0. In order to ensure the biological significance of system (2.1), all
solutions must be limited to the positive five dimensional Euclidean space region.

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10846-10863.



10850

Lemma 2.1 All solutions of system (2.1) with nonnegative initial values keep positive in R3 for all
t > 0. All solutions of system (2.1) with nonnegative initial values are uniformly bounded in Q =
{8,101, O, R) €RT : 0< S, 1, [, O, R < 2.

3. Basic reproductive number

The basic reproductive number is an important reference index for the study of infectious disease
model, which represents the number of people infected by each patient during the disease period. The
most commonly used method to calculate the basic reproductive number (R,) is the next-generation
matrix [36]. The following is the general process.

Let

dxi .

= =S =r(0) = hi(x),i= 1.2, m, (3.1)
where r;(x) is the rate of newly infected individuals in group i, h;(x) is the transfer rate. Denote
F = [g—g(xo)], V = [g—)’j;(xo)], where xo = {x|x; = 0,i = 1,2,---,m},1 < i,j < m. FV'is the
reproducing matrix. p(FV™") is the spectral radius of the reproducing matrix. R, is equal to p(FV™")
representing the largest modulus of the eigenvalues of the Jacobian matrixes.

Rewrite system (2.1) to X = [I,,I,,0Q,S,R]". The disease-free equilibrium is x, =

(1,00), 1,(0), O(0), S (0), R(0)) = (0,0,0, % 0). According to Eq (3.1),

a,(1 = p)*SI; +a,(1 - p)SI,

0
ri(x) = 0
0
0

Bl, + ul,
—Bl, + vyl + 611 + I + pul
hi(x) = vl + 6,0 + w0 +pQ ,
—A+a,(1 - p)*SI;+a,(1 — p)*SI, +uS
-1, — 62Q + ,LlR

i=1,2,3,4,5. Then, we calculate the Jacobian matrix of r(x;) and h(x;) on disease-free equilibrium

au(1=pP2 a(1-p)*2 0 0 0
0 0 0 0O
or(x;
F(xo) = ;“f =] o 0o 00 o0
X 0 0 00 0
0 0 0 0O
M, 0 0O 0O
-B M, 0 00
h .
Vixo) = aa(x’)(xo): 0 —y Ms 0 0|,
i a1 =pPa o(1-pP2 0 u 0
0 =5, —5 0 u

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10846—-10863.



10851

where My =B+ u, My =y +61 +uy +u, M3 =0, +up +u, 1 <i, j < 5. Denote

ﬂ:rm—m% %Uﬂﬁﬂ,

0 0
B+u 0
V, = .
B y+o+m+u
We obtain
A A
-1 _ -1 _ A1 A2
FV™= =F,V, _[O 0],
where

A1 A
A =anl -2 -2 P ,
1B+ pu u B+ )y +06; +pp +p)

A 1
Ay = a,(1 - p)y’— :
HYy+61+m+

Hence, the basic reproductive number is
Ro=p(FV™') =R +R;,

where
A 1
R = (1 - p)P=——,
HB+

A 1
Ry = ay(1 - ppa L .
HB+uy+61+m+

7+51i#1+#
patients respectively. ﬂ% is the ratio of asymptomatic patients to symptomatic patients. R and R; can
be regarded as the number of people infected by each asymptomatic patient and symptomatic patient
during the infectious period. As p increases, R, decreases, and this effect is amplified by square. This
shows that isolation is a very good measure to control the spread of disease. We compare the R, of five
different models [31,37-40]. The same parameters of the different basic reproductive numbers have
the same effect in their respective models, such as conversion rate and infection rate.

Remark 2 ﬁﬁ and represent the average removal time of the asymptomatic and symptomatic

4. Stability of equilibrium point

In this section, we show the local and global stability of the disease-free and endemic equilibria
respectively.
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4.1. Stability analysis of disease-free equilibrium

In this part, we will discuss the local stability of system (2.1) at the equilibrium point x, =
(%, 0,0,0,0), and we also use Lyapunov function to judge its global stability.

Theorem 1 When R < 1, the equilibrium point x; of system (2.1) is locally stable; When Ry > 1, it is
unstable [36].

Theorem 2 The disease-free equilibrium point is global stable with Ry < 1.

Proof. We construct the Lyapunov function

A
V(1) = (y+ 61 + 1 + L) + ay(1 — p)zﬁls(t)-

Obviously, V(¢) > 0.
By direct calculation

dV(t
T = Bl (- pPS L+ a1 - ST~y
A
- :uIa] + as(l - P)zz(ﬁlu - )/Is - 6115 _:ulls _IUIS)
2 2A
= [BSQa(l - P) S - (:8 +,LL)B5 + as(l - P) ;:8]1(1
2 2A
+ [Bsa(1 —p)°S —a,(1-p) ;(7 + 01+ + p)lls.
As S <&,
M
dv(e) A A
— S [Bsau(1=py——(B+Bs +a,(1 - p)’—pll,
t M M
A A
+ [Bsa,(1 - p)*= - a,(1 - p)*=BslI,
M M

(Ro = DBs(B + 1.

When Ry < 1, d—‘;’ < 0. According to the second Lyapunov method, the disease-free equilibrium
point is globally gradually steady.

4.2. Stability of endemic equilibrium
Before discussing the stability of the endemic disease, we consider its existence.

Theorem 3 The positive equilibrium x* = (S*, I, [;, O*, R*) of system (2.1) exists if Ry > 1 is satisfied.
When D; D, > D5 > 0 is also satisfied, where

Dy =2u+p+m+a,l - p)zlj + a,(1 - p)zlj; —a,(1 - p)*S*,

Dy = [B+pu—a,(1 - pPS* +ay(l = p)’I; + a,(1 = p)’I;1(u + ¢) + pc — Ba(1 — p)*S*,

D3 = [B+pu—a,(1 = pPS* + a1l = p)’I; + a,(1 = p)*I;]uc — uBa(l — p)*S*,

the positive equilibrium is locally stable.
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Proof. By solving the zero solution of system (2.1), we get x* = (S*, I}, I;, O*, R"), where

as(1 = p)*B + a1l - p)*Bs’
o= A _ /lBj
¢ ﬁ+/" a’s(l _p)zﬁ"'a'a(l _p)ZBS’
ro= Lo
Bs
£3 y *
Q" = 5
02 + o +
) 0
R = 2+ 20
0 0
We just need to judge the negative and positive of I;. By direct calculation,
. C -G

I = ,
“ B+ wla(l - p)B+a,ll - p)Bs)
where, C; = A(a8 + a,Bs, C> = (B + w)uBs. Note that, C; — C, > 0, i.e., g—; — 1> 0. Then,

Ci _ A,(1-p)B+all - p)Bs

G, (B + wuBs
Aay(1 - p)B N Aa,(1 - p)?
~ (B+wuBs B+ u
= R,

So when Ry > 1, I, > 0. The positive equilibrium of system (2.1) exists. The Jacobian matrix of
system (2.1) at the positive equilibrium point is

E, E, E; 0
E, Es Eg 0
Joy=10 B -Bs 0

0 0 Y —B6
0 0 61 62 -

where E; = —a,(1 — p)zljf —a,(l - p)ZI:; —w, Ey = —a,(1 — p)*S*, E3 = —a,(1 — p)’S*, E4 = a,(1 —

PPL; + (1 = p)’I, Es = au(1 = p)*S* = B — i, Eg = ay(1 = p)*S™.

Then, we get
IAE = Jil = (A + @)(A + 8y + pty + )X + D1A* + Dy + D3),
where Dy = 2u+ B+ m+ a,(1 — p)zlj + a,(1 - p)zlz —a,(1 = p)’S*,Dy = [B+pu — a,(l — p)*S* +
ay(1 — p)’I + a,(1 = p)*I:)(u + ¢) + pc — Bay(1 = p)*S*, D3 = [B+ u — ao(1 — p)>S* + a,(1 — p)*I +

@ (1 = p)*I;]uc — pPay(1 - p)*S™.
According to the Routh-Hurwitz theorem,

o D, 1 0
A; = Dy > 0, A2:D; D2>O,A3:D3 D, D;|>0.
0 0 D

We obtain D; > 0, DD, > D5 > 0.
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Table 1. Parameters estimation of Model (5.1).

Parameters Definitions Values Source
u Mortality 1.6 X 10day™! [41]
N Total population 1.11 x 107 [41]

Transmission rate of Y
a, o ) 2.1 x 10~°day [39]
asymptomatic infection

Transmission rate of

s 1.9 x 1077 day™! [39]
symptomatic infection

y Detection rate 0.13day™! [39]

o} Mean latent period 2days [42]

71 Mean infectious period 3days [42]

k! Mean duration from loss infectiousness to death 8days [42]

5. Numerical simulations and discussions

This section is divided into four parts. Subsection 5.1 mainly discusses the influence of the incu-
bation period from asymptomatic to symptomatic patients. Subsection 5.2 studies the impact of the
infectious period on disease dissemination. In Subsection 5.3, we focus on the relationship between
isolation ratio and epidemic spread. In this subsection, we obtain the isolation ratio to control the
spread of the epidemic. In Subsection 5.4, the simulations show the disease-free and endemic equilib-
ria of system 2.1 are stable with certain conditions.

5.1. Influence of incubation period

This section mainly discusses the influence of the incubation period on disease dissemination. We
simulate the outbreak of the COVID-19 in Wuhan [39,43-46]. To simplify parameter estimation, we
make o =B+ u, T =y + 09+ + U,k =0 + p + u. So system (2.1) can be simplified as

o2
Il

A - a,(1-p)’S1, —a,(1 - p)’SI, - uS,
= a,(1 - p)*SI, + a,(1 - p)*SI, - ol,
I,=0l, -7l

0 =1l, - kQ.

Relevant parameters are shown in Table 1. The initial value of system (5.1) is (5 (0), 7,(0), 1,(0), Q(0)) =
(1.11 x 107,105, 28, 1) [39].

As o is the conversion rate from asymptomatic to symptomatic infections, o~ can be seen the
incubation period from asymptomatic to symptomatic infections. The incubation period of COVID-
19 is 2-14 days [47]. We study the spread of COVID-19 by changing the incubation period with-
out considering isolation. When the value range of 0! is 2 to 14, the reproductive number of sys-
tem (5.1) is greater than 1, and the COVID-19 will spread. Figure 1a shows the change of S when
o=1/2,1/6,1/10,1/14. It can be seen that all susceptible persons will be infected if nothing is done.
We can also see from Figure 1a that the higher the conversion rate, the faster the dissemination speed.
Figure 1b shows the change of I, when oo = 1/2,1/6,1/10,1/14. It can be seen that the longer the
incubation period, the greater the peak value of asymptomatic infections. When the incubation period

e
|

(5.1)

1
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Figure 1. Sequence diagrams for S, 1, I;, Q witho = 1/2,1/6,1/10, 1/14.

is shorter, the peak infection will come faster for asymptomatic infections. Figure 1c shows the change
of I, when o = 1/2,1/6,1/10, 1/14. Contrary to asymptomatic infections, the shorter the incubation
period, the greater the peak value for symptomatic infections. When the incubation period is shorter,
the peak infection will also come faster for symptomatic infections. Figure 1d shows the change of Q
when o = 1/2,1/6,1/10,1/14. When the incubation period is longer, the peak of infections will be
lower and arrive later. To sum up, the longer the incubation period, the slower the disease spreads and
the greater the peak. One reason why COVID-19 can spread across the world is largely due to its long
incubation period.

5.2. Influence of infectious period

This section studies the impact of the infectious period on disease dissemination without isolation.
7 is the elimination rate of symptomatic population, then 7~! can represent its infectious period. The
parameters follow the subsection 5.1. When 7 is equal to 1/2, 1/3, 1/4 and 1/5, the reproductive
numbers are greater than 1, and the COVID-19 will spread. Figure 2a shows the larger 7 is, the
slower S decreases. This means that the longer the infectious period, the faster the transmission speed.
Figure 2b shows the longer the infectious period, the higher the asymptomatic infections. The peak
will come earlier for the smaller elimination rate. The curves of symptomatic infections are similar to
that of asymptomatic infections, which is shown in Figure 2c. However, there is little difference in the
time of peak for symptomatic infections under different 7. Figure 2d is similar to Figure 2c. Its peak is
lower and later. It is concluded that the longer the infectious period, the more infected people, and the
faster the dissemination speed.
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Figure 2. Sequence diagrams for S, 1, I;, Q with v = 1/2,1/3,1/4,1/5

5.3. Influence of isolation ratio

This section studies the impact of different isolation ratios on disease dissemination when the incu-
bation periods from asymptomatic to symptomatic infections are 1/2, 1/7 and 1/14. Except for o, the
values of other parameters are the same as those in Subsection 5.1. Figures 3—-5 are sequence diagrams
for S,1,,1,,Q of o = 1/2,1/7, and 1/14. We study the spread of the COVID-19 by changing the
isolation ratio.

Figure 3 shows the curves of the disease dissemination with the isolation ratio from 0 to 70% during
the 2-day incubation period. When p < 0.5, the number of infections is millions. When 0.5 < p < 0.6,
the number drops to six figures. When the isolation ratio exceeds 60%, the number of infected people
will not exceed tens of thousands. When the isolation ratio exceeds 62%, the epidemic will not spread.
Therefore, in view of the outbreak of COVID-19 in Wuhan, theoretically controlling the flow of more
than 62% of people can prevent the wide spread.

Figure 4 shows the curves of the disease dissemination with the isolation ratio from O to 70%
during the 7-day incubation period. When 0 < p < 0.5, the number of infections is millions. When
0.55 < p < 0.62, the number drops to six figures. When the isolation ratio exceeds 62%, the number of
infected people will not exceed tens of thousands. When the isolation ratio exceeds 65%, the epidemic
will not spread.

Figure 5 shows the curves of the disease dissemination with the isolation ratio from O to 75%
during the 14-day incubation period. When 0 < p < 0.6, the number of infections is millions. When
0.6 < p < 0.65, the number drops to six figures. When the isolation ratio exceeds 65%, the number of

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10846-10863.



10857

. x10°

w IS o

Number of infections

>

Number of infections
)

20

30

40

50 60 70 80 20 100
Time

0 =
0

100

200 300 400

500 600 700 800 900 1000

Time

Number of infections

12

10

®

£

IS

140

120

40

20

x10° b

0 20 40 60 80 100 120 140 160 180 200
Time
d

20

30

40 50 60 70 80 90
Time

Figure 3. Sequence diagrams for S, 1,, I, Q with 2-day incubation period.

8

w IS ) e

Number of infections

e

10

E3

nfections

*10° a

0 20 40 60 80 100 120 140 160 180 200
Time

x10* c

0200 400 600 800

1000 1200 1400 1600 1800 2000
Time

Number of infections

Number of infections

10

-

E3

-

e

»n

IS

w

>

140

120

100

80

60

40

20

*10° b
0 50 100 150 200 250 300 350 400 450 500
Time

0 20

40

60

80 100 120 160 180

Time

140 200

Figure 4. Sequence diagrams for S, 1,, I;, Q with 7-day incubation period.

Mathematical Biosciences and Engineering

Volume 19, Issue 11, 10846-10863.



10858

5 b
»10° ; ; ; l’><I[i ; ; ; ’

—p=0 —p=0.6
7L —p=0.2| | 8 —p=0.62| 4
p=0.4 p=0.64
P
6
£ Eor
z Z o
E E°T
Zal =
5 $4f
2 2
E3r £
z Z3f
2
2L
| \\ i \

0 60 80 I(DD 120 140 160 180 200 0 100 200 300 400 500 600 700 800
me Time

d

Pl : 140 : : : : :
—p=0.65

—— p=0.66

1t p=0.67 120 |

p=0.75] 1

10 - 100 -

80

60 -

Number of infections

4r 40 -

2 20

0
0 200 400 600 800 I [I[I[i 1200 1400 1600 1800 2000 0 20 40 60 80 100 120 140 160 180 200
me Time

Figure 5. Sequence diagrams for S, 1,, I, Q with 14-day incubation period.

infected people will not exceed tens of thousands. When the isolation ratio exceeds 68%, the epidemic
will not spread.

Through the above analysis, in order to stop the spread of COVID-19 in Wuhan, the isolation ratio
should exceed 68%. Comparing Figures 3-5, we can find when the incubation period increases, the
isolation ratio required to control the spread will increase. An important reason why COVID-19 is
widely spread around the world is that its incubation period is very long.

5.4. Simulations of disease-free and endemic equilibria

This subsection presents the stability of disease-free and endemic equilibria through simulation. In
order to verify that the disease-free equilibrium is globally stable, the parameters of system (2.1) meet
Ry < 1. The initial value is (S (0), 7,(0), 1,(0), @(0), R(0)) = (800000, 700, 400, 300, 200). Figure 6a
proves the number of susceptible population is constant by changing the initial value of S. Figure 6b,
¢ and d show the numbers of asymptomatic, symptomatic and quarantined infections tend to O under
different initial values. Therefor the disease-free equilibrium of system (2.1) is stable when Ry < 1.

System (2.1) has an endemic equilibrium when the parameters conform to Ry, > 1. Select the initial
value as (S (0), 1,(0), 1,(0), Q(0), R(0)) = (800000, 700,400, 300,200). When the initial value of § is
changed, different curves eventually tend to the same positive value which can be seen in Figure 7a.
Applying the same method to 7,,, I, O, we get Figure 7b, ¢ and d. Therefor system (2.1) has an endemic
equilibrium with Ry > 1, and it is stable.
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6. Conclusions

In this paper, we introduce the isolation ratio to quantify the impact of isolation on diseases dis-
semination. The basic reproductive number solved by the next-generation matrix can be divided into
two parts, which are contributed by asymptomatic and symptomatic infections respectively. We obtain
the effects of conversion rate from asymptomatic to symptomatic infections, mortality rate of infec-
tions and isolation ratio on disease dissemination. Through the stability analysis, we get the local and
global stability conditions for the disease-free and endemic equilibria of the system. When Ry < 1,
the disease-free equilibrium is globally asymptotically stable; When R, > 1, the disease-free equilib-
rium is not stable. When R, < 1, the positive equilibrium does not exist; When Ry, > 1, the positive
equilibrium exists and is stable. Taking the outbreak of COVID-19 in Wuhan as an example, when
the proportion of the isolated population exceeds 68%, the epidemic will not be spread. Therefore, we
can formulate different proportions of isolated population according to different regions. This not only
ensures the epidemic will not spread on a large scale, but also does not stop the economic activities.
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