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that the protection awareness plays a crucial role against infection of the population, and
that the vaccines are effective against the circulation of the earlier strains, but ineffective

g\iy;]fifj;,smission model for emerging strains. By using the next generation matrix method, the basic reproduction
Protection awareness number of the SVEIR model is firstly obtained. Our analysis by Hurwitz criterion and
Two trains LaSalle's invariance principle shows that the disease free-equilibrium point is locally and
Stability globally asymptotically stable when the threshold value is below one. The existences of
Competitive exclusion endemic equilibrium points are also established, and the global asymptotic stabilities are

analyzed using the Lyapunov function method. Further, the SVEIR model is confirmed to
satisfy the principle of competitive exclusion, of which the strain with the larger value of
the basic reproduction number is dominant. Numerically, the surveillance data with the
Omicron strain and the XBB strain are split by the cubic spline interpolation method. The
fitting curves against the surveillance data are plotted using the least-squares method
from MATLAB. The results indicate that the XBB strain dominates in this study. Moreover, a
global sensitivity analysis of the key parameters is performed by using of PRCC. The nu-
merical simulations imply that combination control strategy positively impacts on the
infection scale than what separate control strategy does, and that the earlier time pro-
ducing protection awareness for the public creates less infection scale, further that the
increment of protection awareness also reduces the infection scale. Therefore, the poli-
cymakers of the local government are suggested to concern the changes of protection
awareness of the public.
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1. Introduction

Since COVID-19 was first detected in December 2019, WHO declared a public health emergency of international concern
(PHEIC) which was the highest level of alarm on 30 January 2020, and classified COVID-19 as a pandemic on 11 March 2020
(World Health Drganization, 2020). As of 20 May 2024, COVID-19 had caused more than 7 billion infections and more than 7
million deaths worldwide (World Health Drganization, 2024). During the circulation of COVID-19, the non-pharmacological
interventions (NPIs) were employed to slow down the infection scales at the early stage without the vaccines. The NPIs,
including partial or total lockdowns, tracking and isolation of infected individuals, increasing social distances, wearing face
masks (Guo et al,, 2023; Zou, Fairley, et al., 2022), had the limited effects on stopping the pandemic, but it reduced the
infection risks (Zhao et al., 2022). The vaccination gradually provided the protection for public to relax restrictions on human
activities. However, new SARS-CoV-2 strain brokethrough the protection of the vaccines, and changed the situations of
prevention and control (Garcia-Beltran et al., 2022; Lauring & Hodcroft, 2021).

The known SARS-CoV-2 strains include Alpha, Beta, Gamma, Delta, Omicron and XBB since the wild strain was detected in
2019 (Liu et al., 2023a, 2023b; Petrone et al., 2023; Shan et al., 2022; Sun et al., 2023), of which two or three strains might
overlap simultaneously within an epidemic. In practice, compartmental models were usually applied to discover the long-
term transmission dynamics of multiple strains. For instance, Tchoumi et al. (Tchoumi et al., 2022) derived the trans-
mission dynamics for a two-strain model with vaccination for first-strain, and discussed the impacts of second-strain against
the population with first-strain. When the incubation period was considered, Leon et al. (de Leon et al., 2022) investigated the
two-strain model and the deployment of a vaccination program, aimed at the dynamics of two-strain infections including the
varying transmission rates and responses to vaccines. Meanwhile, the competitive and exclusive relationship of two strains
and the corresponding transmissions were worthy of investigation, of which the strain with larger basic reproduction number
dominated in the population using the principle of competitive exclusion in Wang (Wang, 2022). Guo and Li (Guo & Li, 2023)
developed a competitive model with Omicron strain and Delta strain, and then simulated the infection curves against the
surveillance data from the United States, further derived the optimal control for the local government. Due to the differences
of infection symptoms, Gao et al. (Gao et al., 2023) investigated a multi-strain model with distinct symptoms and NPIs, they
derived the impacts of strain competition and control measures on the infection scale, simulation results showed that
wearing masks prolonged the peak date. Moreover, Vashishth and Basaiti (Vashishth & Basaiti, 2024) developed a two-strain
COVID-19 model of having thirteencompartments, and analyzed the impacts of non-pharmacological control measures, the
impacts of imperfect and leaky vaccines on the infection scale and herd immunity.

The fact was that the coexistence of human beings and SARS-CoV-2 virus was persistent, and that NPIs triggered by the
individuals’ protection awareness still were workable for controlling the infection risk. The protection awareness mainly
included media coverage on infectious diseases, the changes of individual behaviors, implementation of vaccines. In detail,
the impacts of media coverage were investigated by adopting media influence factor to describe the spread and control of
infectious diseases in a given area in Cui et al. (Cui et al., 2008). Later, the involvement of media coverage was described by
using nonlinear contact functions in Li et al. (Li & Cui, 2009) and Sun et al. (Sun et al., 2011), the simulation results showed that
media coverage could reduce the burden and the duration of the epidemics. In 2014, the choose of media functions deter-
mined the epidemic outcomes by comparing three different media functions in Collinson and Heffernan (Collinson &
Heffernan, 2014). Meanwhile, the protection awareness was also reflected on the changes of individual behaviors. For
instance, Xiao et al. (Yan et al., 2018) constructed the health belief model, and chose A/H1N1 and Ebola as typical examples to
show that human behaviors played a key role in the spread of infectious diseases. Khatun et al. (Khatun et al., 2023) explored
that high density of aware susceptible individuals created low density of treated individuals, and that both isolation and
vaccination control were better than single control. Rai et al. (Kumar et al., 2019) combined public health awareness with the
budgets, the results revealed that the positive publicity was benefitable for bacterial decline, the budget increasing was good
for infection rate decreasing. In addition, implementation of vaccines was conducive to the suppression of infection scale. For
instance, imperfect vaccination was extensively investigated using threshold strategies in Zhang and Xiao (Zhang & Xiao,
2020) and the effects of vaccination rates with time-varying transmission rates in Yu et al. (Yu et al., 2023).

This paper considers a two-strain compartmental model with protection awareness and vaccination, and the two-strain
SVEIR model is applied to Jinzhou COVID-19 epidemic in Liaoning of China. The first concern is the expression of the basic
reproduction number of two-strain model. Then, the stabilities of disease-free equilibrium point and infection equilibrium
point are derived by constructing Laypunov functions. The competition and exclusion of two strains are also derived in
Section 3. Combining with the surveillance data from the Jinzhou City, the data fittings by least squares method and global
sensitivity analysis by PRCC are performed in Section 4. The impacts of protection awareness on the infection scales causing by
two strains are analyzed in Section 5. Consequently, the main conclusions are obtained in Section 6.

2. Model formulation

Combined the features of surveillance data of Jinzhou COVID-19 epidemic and the previous studies including incubation
period (Lan et al., 2024; Liu & Wei, 2022), vaccination (Chen et al., 2024; Li, Wei, & Mao, 2022; Lu & Wei, 2019; Wei et al.,
2023), multi strains (Arruda et al., 2021; Cui & Liu, 2022; Wang et al., 2023) and protection awareness (Zhai et al., 2023),
we will establish a two-strain SVEIR model, for describing the changes of Omicron strain and XBB strain on the Chinese
mainland. The total population of Jinzhou City at time t is divided into seven compartments: the susceptible S(t), the
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vaccinated V(t), the exposed with first-strain E1(t), the exposed with second-strain Ex(t), the infected with first-strain I;(t), the
infected with second-strain I(t) and the recovered R(t). In this study, we assume the following assumptions held: (i) The total
population is homogeneously mixed. (ii) A vaccine is effective against first-strain, instead against second-strain. (iii) The
vaccinated do not become the susceptible again (Andrews et al., 2022; Hall et al., 2022; Zhuang et al., 2022). (iv) The in-
dividuals are only infected by one strain. (v) The exposed has no effect on the spread of the virus (de Leon et al., 2022;
Gonzalez-Parra et al., 2021; Vashishth & Basaiti, 2024). (vi) The recovered are regarded to be with temporary immunities and
will not return to the susceptible. So, a two-strain SVEIR model with protection awareness is written as:

S(t) = A—qB;Sh —qBaSh — (1 - q)(1 —g)81Sh — (1 - q)(1 - )25 — (¢ + WS,
V(t) =¢S—(1-a)f1Vly — BV, — uV, (1)
Ei(t) =qB1Sh +(1—q)(1—g)81Sh + (1 — @)1 VI — (a1 + wEy,
Ey(t) =Sk + (1 —q)(1—)B25k + B2VE — (ap + p)Ez,
1(t) = a1Er = (v1 + g +wh,
H(t) = 0arFy — (75 + iy + p,
R(t) =711 + 7121 — pR.

Beplirgl

In model (1), A is the natural recruitment; §4, the infection rate of first-strain; (,, the infection rate of second-strain. Due to
the fact that the susceptible with the protection awareness will protect themselves effectively, the interactions with the
infected are assumed to be the rate of (1 — q)(1 — g)G1, where q is the percentage of the susceptible without protection
awareness, g is the protection efficiency that means the proportion of the susceptible with protection awareness efficiently
avoid the infection, 1 — g represents the rate of protection failure that the susceptible with protection awareness are being
infected. Here, ¢ is the vaccination rate; a is vaccine efficacy; «; and «; are mean incubation periods for first-strain and
second-strain; y; and v are the average recovery rates for first-strain and second-strain; u is natural death rate; uq and uy, the
disease-incuced death rates by first-strain and second-strain. The flow diagram of model (1) is shown in Fig. 1.

3. Mathematical analysis

Theorem 3.1. The closed set Q = {(S,V,Eq1,E>,1;,15,R) € IR7 N< A} is positively invariant for model (1).

Proof If E1(t) = 0, then I; h—o = @1E; = 0, which gives that I is a positive constant. We then get E”E1 _0 =qb:SL+ (1 -
q)(1 — g)6:1SI + (1 — a)B,VI; > 0. If E{(t) > 0, then I”,1 o = «1E1 >0, which gives that I; is also a positive constant. We then
get E1 =0 = aB1Shi + (1 — q)(1 — g)81Sh + (1 — a)B1VI; > 0. By the similar discussions, the processing osz‘E2 _g and 12‘,2
can be conducted in a similar manner. Since 5‘5 0o =A>0, V\V 0 =9¢S>0,E; |E;—0 >0, EZ\EZ 0>0,1; ih=0>0,I,_0>0, R‘R 0=
v1I1 + 7212 > 0, then the solution of model (1) is non-negative.

Consider a new variable T =S+ V+E{+E;+ 11+, + R— % adding all equations of model (1), then T satisfies:

qB1Sly + (1 — q)(1 — g)B.SI, aEq
E, — I 3
——
(1 - @BV, L | L A
A oS
— S —= vV = | R
l“ l# l U
B2V, Vals
> E; = I —
Qﬁ2512+(1_Q)(1_g)32512 —
l H l,ﬂ'*'liz

Fig. 1. Flow diagram of the local population exposed to two strains of COVID-19.
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S+V+E +E+I+L +R
A—uS+V+E +E+L+L+R) —uR—uyR
A*/.L(S+V+E1 +E2 +I1 +12+R)

IN

IN

A
plp=S+VHE+E+h+h+R)

—uT.

Hence

T(t) < T(0)e ™. (2)

Since all variables are non-negative and bounded, set Q is positively invariant for model (1). O

Theorem 3.2. The disease-free equilibrium point (DEEP) of model (1) is given by Py = (So, Vo, 0, 0, 0, 0, 0) where Sy = N$<ﬂ and
Vo = (# W) The basic reproduction number is Rg = max{RO, RZ &1 with

w1 _ aAGBip+ (1 -q)(1 —g)bip+ (1 - a)big]
0 w(u+ @) + w)(yq + By + 1) ’

R2 _ 0 A[gBap 4+ (1 = q)(1 — 8)Bau + B20)
= .
p(u + @) (ag + (v + pp + p)

Proof Let the first-strain subsystem

S() =A—qpSh — (1 -q)(1-2)B1Sh — (¢ +)S,

V() =o¢S—(1-a)fVh —uv,

Ei(t) =qB1Sh + (1 —q)(1 —g)B1SIy + (1 —a)B1Vh — (a1 + w)Ey,

Li(t) =ik = (v1+ g + Wi, (3)
R(t) =vili —uR

The DEEP is Py = (A 0,0,0). Set

ptor ﬂ+¢)’

Eq(t)

F1(S(8), V(b),E1 (), I1(£)) — V1(S(8), V(t), E1 (£), 11 (t))
. = (@6Sh+ (1 -q)(1-g)BSh +(1 0)61VI1)—[a1+uE1]
Li(t) = F(St),V(t),Eq(t),I1(£)) — Va(S(b), V(¢), E1 (1), 1 (1))

= 0—[—aEr +(vg + g + ]

Thus, we obtain

9F) 0F
Fo 9Ey ok :(0 Q515+(1—Q)(1—g)515+(1—a)6lv>
97y 973 0 0 7
0E; L
w v
Ve 0k, dh _(a1+u 0 )
Wy WV, -1 Vit gt R
d0E; dL
which gives
1
0
V,-l: A+
oq 1

(Y1 + w1 +w)(ar +p)  vp+ gt R
The next generation matrix in (van den Driessche & Watmough, 2002) is defined as M = FV~!, that was
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a1[g81S+ (1 - (1 - g)B1S+ (1 —a)1V] gb1S+(1 - (1 -g)B1S+ (1 -a);V
M= (v1 + w1 +p)(oq + ) Y1t MR
0 0

Since the spectral radius of M is defined as the basic reproduction number Rcl), we obtain the specific expression of first-
strain

Rl _ W [981S0 + (1 —q)(1 — )84S0 + (1 — )81 V0]
1 =

(Y1 + g +p)( +u

(
)

(4)
_ aAghp+ (A -q)( -g)fip+(1-a)bre]
i+ @)(ar + w)(y1 + pp + )
From the similar discussion, the basic reproduction number of the second-strain R3 is
2 A[gbu+ (1 —q)(1 —g)Bru+ B¢
Rg = . (5)
(i + @) (0 + p) (2 + ko + 1)
Then, the basic reproduction number of model (1) is Ry = max{Ré,R(Z)}. O
Theorem 3.3. The DEEP Py is unstable if Ry > 1 while it is locally asymptotically stable if Rg < 1.
Proof The Jacobian matrix associate with model (1) at DEEP Jp, is given by
—(p+p) O 0 0 AB1So AB2So
¢ —f 0 0 (1-a)B1Vo B2Vo
ol 00 @m0 ABSy+(1-a)BiVo 0 ®)
fo 0 0 0 —(az +p) 0 AB2So +B2Vo |’
0 0 —0q 0 Y1+ M+ 0
0 0 0 —0 0 Yo+ My + 1

with A =q + (1 — q)(1 — g). Thus, the eigenvalues of Jp, are 4y = —u < 0, A = —(¢ + u) < 0, and other four eigenvalues
corresponding to the sub-matrix

(a1 +p) 0 AB1So + (1 —a)B1Vo 0
0 —(ag + 1) 0 AB2So + B2V
—a 0 Y1+ R 0
0 —a3 0 Y2+ U+

are computed by the characteristic equation

PO) = [P+ @utar+ vy +p)h+ (1-RE) vy + g + (e + )]
x [/12+(2M+012+72+M2)/1+<1—R%>(72+#2+M)(“2+M)]:0-

IfR{<1and R% <1, then the roots of P(1) have negative real parts. We obtain that if Rg < 1, DEEP Py of model (1) is locally
asymptotically stable. If Ro > 1, then DEEP Py loses its stability. O

Theorem 3.4. The DEEP Py is globally asymptotically stable if Rg < 1.

Proof Consider the Lyapunov function

WS,V E, B, Iy, b)) = aqEq + (a1 + )l + agEp + (e + w)lp, (7)

which yields that W(S, V, Ey, E3, I, I) > 0 due to Eq, E3, I, I, > 0, and W(S, V, E4, E3, I4, I,) attains zero at E; = E; =1y = I, = 0. The
time-derivative of W is given by:

21



K. Chen, E. Wei, X. Zhang et al. Infectious Disease Modelling 10 (2025) 207—228

w

o1 Ey + (@ + wh + aE + (0 + w)h
= a1[g61Sh + (1= q)(1 = g)B1Sh + (1 = a)81 VI — (aq + WE1] + (1 + Wl Ey = (v1 + g + wl]

+02[qB25L + (1 — q)(1 — 8)B2Sh + B2VIz — (a2 + w)Ex] + (az + )[e2Ex — (v2 + pip + w)lp)
= a1[qB1Sh + (1 - q)(1 - g)B1Sh + (1 — @) VI] — (g + w)(v1 + 1 +wh

+a2(qB2SI + (1 — q)(1 - 8)B2Sk + B2VI] — (o + u)(v2 + pp + w2
a1[gBiS+ (1 -q)(1 -g)B1S+ (1 - a)B V] 1}

(v1 + p1 +p)(oq +p)
[qBS + (1 - q)(1 - 8)BS+B,V] ]}
(72 + g + p)(ag + )

= (@m0 +m+u>h[

e+ (2 + o +u)12[

Due to S < Sg and V < Vj, we then get

W < (@ + ) (v1 + a1 + I (RY—1) + (02 + ) (72 + 1o + W) (R — 1). (8)

Furthermore,W = 0 if and only if E; = E; = I; = I, = 0, by using LaSalle's invariance principle, this implies that Py is globally
asymptotically stable in Q. O

We denote that Sgs and Vs represent the numbers of susceptible individuals and vaccinated individuals, respectively, at
the infection equilibrium point (IEP) when the first-strain is dominant. The similar interpretation can be applied to the sit-
uation where the second-strain is dominant, of which Sgs and Vg represent the numbers of susceptible individuals and
vaccinated individuals, respectively.

Theorem 3.5. Model (1) has
(i) a unique first-strain IEP P; = (Sgs, Vfs,E1,0,17,0,R") if and only if R} > 1.

(ii) a unique second-strain IEP P, = (S, Vs,0,E5,0,15,R™) if and only if RZ > 1.
(iii) a two-strain IEP P3 = (S*,V*,E,E5, I, 15, R") if and only if R} > 1 and RE > 1.

Proof (i) An equilibrium point for subsystem (3) satisfies, with A = q + (1 — q)(1 — g).

0=A—ABSh — (¢ + S,
0=09S—(1-a)p;Vl1 —uV,

0=AB1Sh + (1 —a)81Vly — (eq + p)Eq, 9)
0=awE = (v1 + 1 +wh,
0=y — uR,

which reduces to

¢ A
BT AB + (o)

V* _ (PS;:S
B -0+

ET _ AB1SEl; + (1 —a)By VESI;, (10)

ap +u

I* B 0(1ET

o R

R = %

From the fourth equality (10), one deduces that
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(1= )8y [5 + WAB [} + o(1 — a)Bsfy . (1)
(1= )81 + WIAB T + (0 + w](1 + w) (71 + g + )

Ii; = Ol]A

If [ = 0 then Spg = 725, Vs = ;2% E = 0, R* = 0. This equilibrium knows as the DEEP Py in Theorem 3.2. If I; #0, then
define

(1 —a)B11] + plABy + o(1 — a)By (12)

hiy) =1-aA . 1 .
(1= )BTy + WIABLT + (o -+ (e + 1)1y + i + )

The derivative of h is given by
—01A(B1 — B3B3)

h(f;) = " 2 " 2 ’
(1= a)Bqly + u " [AB1]; + (¢ + )]

(0 + p) (v + B + @)

with

B = (1-a)ABT[(1—a)byly + 1] [AB1I} + (0 + )],
By = (1-a)B1[AB1]] + (0 +u)] + [(1 — @)y + u]ABy,
By = [(1-a)B1l] +u]ABy + (1 —a)Be.

After the simplification for h(Iq), which is concluded that
03] AB4
£ 2 £ 2
(1= a)B1ly + ul"[AB1 Ty + (¢ + W] (eq + w)(v1 + g + p)

h(ly) = >0, (13)
with

By = [(1—a)2(A8y)L;
+2[(1 - a)B4]AB1[(1 — a)B1 + (AB1)ull}
+(1 - a)B1)20(@ + 1) + (AB1)*u? + [(1 — a)B1]AB1 e > 0.

Since all parameters are non-negative, one can easily deduce that the function h is an increasing function. A simple
computation gives

(1= @)y fim; + |81 + o1 - a)f

lim;_oh(h) = 1-
(1= @y fim; [ Agy i+ (o0 e+ 1+ 40
1 1
1 Aaq[AB1So + (1 —a)B1 Vo)
o+ (e +p)(r1 + iy + 1)
= 1-R},

and
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{(1 - 0)51%+N}A51 +o(1 —a)p;

h(ﬁ) —1 O[]A A — A
(1 _a)ﬁlﬁ‘f'ﬂ A61ﬁ+ (@ +w) | (ag + (71 + Mg +p)

kl—mm§+4Am+¢a—mm

>1—a1A+

A 1T A
(1—a)ﬁ1p+# A51;+(¢+#) a1p

_ (1-a)B1 A+ +op >0,
[u—mm%+@km%+w+m

By Ry>1, limy: _oh(I7) <0and h(%) >0, h(l;) admits a unique solution I in (0,4). The uniqueness of P; = (Srs, Vs, E1,0,17,

0,R") holds.

(ii) The proof follows the same approach and steps as does in Case (i).
(iii) To compute Ps, let x] = 117, X5 = B,15. Solution of model (1) at P satisfies:

A —AX]S" —AXS" — (9 + WS =0,
¢S — (1 —a)x]V' — x5V —uV =0,
AXiS" + (1 —a)x]V" — (a1 + wE] =0,
AXSS" + X5V — (ap + w)E; =0,

a1E7 = (1 +m + I =0,

a2Ey — (v2 + 1 + )l =0,

The following expressions are obtained from equality (14) that

_ A
AX]+ A + i+ o
oA
[(1—a)x] + X5+ u| (AX] +AX5 + u+ )

AAX[(1 = @)x] + %5+ p] + (1 — a)X]pA

Ve o=

B = (a1 + ) [(1 — a)x] + X5 + p] (AX] +AX) + p + 9)’
o MG
(a2 + ) [(1 — @)X} + x5 + ) (AX] +AXS + i+ )
K- a AAX] [(1 — a)x] +x§*+ ,u}*+ ay(1 7*(1))(’;(,0*1\ 7
(71 +p1 + ) + @) [(1 - Ox] + X5 + p] (AX] + A% +p+9)
Lo- @ AAX; [(1— @)Xy + X5 + ] + X0 A

(Y2 + g + w) (@ + @) [(1 — @)x] + X5 + u] (AX] +AX) + 1+ o)

Substituting the expressions of (15) into x] = 117 and X, = 8,15, which yields the following equality:
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(1- @BAG;” +BAY, + (2 — a)BAX)x; + [CB(1 - R}) + uBA+D]x; =

+[PB(1~Rb) +uBA + F|x; + uPB(1-R}) = 0 (o)
(1- )GAX;” + GAY, " + (2 — a)GAX; X, + [CG(1 - RE) + pGA+ H]x; =
+[PG(1 - RE) + uGA + Q[x; + wPG(1-R3) = o0, (17)
where
B=(y1+m+mlar+u),C=0-a)u+e),
p-1 7a)2011ﬁ1<0A,P:,u+<0,F:1;aOI]ﬁlcﬂA (18)
1-a

1
G=(y2 +pp+p)og+pu),H= i a620A,Q = ﬁazﬁzqﬂ\-

Since the constant terms in (16) and (17) are negative when Rcl, >1 and Ré > 1, all other coefficients can be positive.
Therefore, (16) and (17) have a positive solution for R}J >1 and R% > 1. The proof is complete. O

Theorem 3.6. Let R(l) > 1. Then the unique first-strain IEP P; of model (3) is globally asymptotically stable in Q.
Proof Consider the first-strain [EP P; = (Sgs, Vs, E1,0,17,0,R"), where Sgs, Vs, E7, I7, R* satisfy the following relations:

¢Ss = (1— )81 Vsl + uVs, (19)
A = pSps + Vs + (1 — a)Bq Visly + AB1 Skl (20)
(4 1)y = (1 - @)B1Visly + AB1Sgshh, (21)
(B4 1)(v1 + iy + ) = @1 (1= )B4 Vs + Ay Sps. (22)

In order to prove the global asymptotic stability of P;, let the Lyapunov function:

Wy = S— Sk —Siln >+ V= Vig— Vidn V- + Ey — E, — E|lnEL 4 @1 H 4 <11 - fl’;lnl—l).
Sks Vs Ey @& I

The time-derivative of W1, along solutions of model (1) is given by

YA 525 - VF*S y E; S B 4 IT :
W= (1) (1 ()R ()

(1 —STFS) A — AByST, — (94 )S] + (1 —%) [0S — (1 — @)y VI, — V]

s

+(1 7%) [AB:SI + (1 = )y VI — (e + W]

o+
i Wl
aq

I*
(1 —ﬁ) (o1 By — (1 + 1 + ]

Together with (19)—(22), we have
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~ . S S ‘ S;s VS VA
W, - u55<2,T,£)+#VF5<3,ﬁ,T‘,Tﬁ>
.S S VL SV
Al (3- B - o - Eh)
S I[S.E EI

1—a)p Vil (4—— B 1 L 1_ 5B,
+ a)ﬁl“( SV LVLE Eh 5)

2fif%go
SFS
S VFS SFS
L Ss b SE B

Therefore W; < 0.Because of Lyapunov theorem, Py is stable. Moreover, W; = 0 if and onl

YifS =Sk, V =V, Iy =11,E =

E}. Further, it can be proved that My = {P;} is the largest compact invariant subset of {(S, V,E{,E3,I1,L,R)eQ:W; =0 } By

LaSalle's invariance principle, the endemic equilibrium point P; of model (1) is globally asymptotically stable. O

Theorem 3.7. Let R}) > 1.,72% > 1. Then a both-strain IEP P3 of model (1) is globally asymptotically stable in Q.

Proof Consider a both-strain IEP P; = (S*,V*,E],E5,17,15,R"), where S*, V*, E1, E3, I3, I, R* satisfy the following relations:

oS = (1-a)f1V' I} + BVl + V7,

A=pS" +uV +(1—a)p V'] +ABS'T} + B2V, + ABLSL,
(t+aq)Ey = (1-a)B1V'T; +AB S’

(+a2)Ey = BoV'T; + ABS' I3,

(+a1)(yy +1 +4) = a1(1-a)B1 V" + Ay 45",

(4 02) (Y2 + g + 1) = 2682V + Az 555"

(23)
(24)
(25)
(26)
(27)

(28)

In order to prove the global asymptotic stability of the endemic equilibrium point P3, Consider the following Lyapunov

function:

W, = S—S*—S*lnsi*+V—V*—V*ln%+E1 -E —E;‘lnE—1+Ez—E;—E;1n

E
E] ;

EZ
o+ o+ U

a2

+

{11 -1 —I;lni—l} + {12 ~ I —Izlnﬁ—f .
1 2

The time-derivative of W5, along solutions of model (1) is given by
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S*\ e AR\ ED . EN: a;+p 0\, a+u L) -
(-5)s+(-9)7 = (BB (- g)r gt (- p)h - (- )
S *
S

(155 )18~ 48151~ ABaSta — (o S|+ (1= )65 - (1 = @V — Vi — ]

W,

E; EX
+(1 - é) ABLS + (1 — @By VI — (e + W] + (1 - E—j) [ABSSla + BVl — (a3 + WE;]

5

a1 + I
ks (1-2) a2 — (12 4 + i

o

oy +

I*
(1) oy = 1+ + s +
Together with (23)—(28), we have

W, = us*(zf%f%wv*(afs_flfiv_)

il S I SE E]I;‘>
ABST (32120 S
+Ab, 1< STESE Eh

cifa S L SE 521§>
ABST (32222 222
AR 2< LSE Eb

SV IL[VE EL S

SV' LVE EL S
SV LVE EL S)

Then the proof follows the same approach and steps as in the above Theorem 3.6. Further, it can be proved that M, = {Ps}
is the largest compact invariant subset of < (S,V E{,E;,I;,1,,R)€Q : W, = 0 ;. Consequently, by LaSalle's invariance principle,
the endemic equilibrium point P; of model (1) is globally asymptotically stable. (]

Theorem 3.8. Let R% > R}, > 1. Then the second strain is dominant and the first strain is excluded. That is, any positive solution of
model (1) satisfies

(S(t)7 V(t)vEl (t)vEZ(t)711 (t)vlz(t))_) (5_257 V;Sv 07537071;) as t—oo.

Proof First, from the third and fourth equations of (10), we notice that

+ + o + & *
(Y] H1 a;u)( 1 ,U.) :AﬁISFS + (] _a)ﬂlst"

Then we note that the basic reproduction number can be rewritten as

1w . (o + 1)
o ASrs + (1= Vel S m (T = gl

and the basic reproduction number of the second strain follows the same approach and steps as
*

1 + fe + 1)
— = [ASss + Vig] £ H
Ry~ st Vsslyay

Thus, R > R} > 1 implies that
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ASgs + (1 - a)Vs _ ASss + Vs
Ap+(1—a)e Ap+o

ASps + (1 - a)Vps_ ASss + (1 - a)Vsg

29
Aut (1—a)p At o (29)
Set
P S pt 0 (30)
VT Ao aq[An+ (1 a)e]

Now, let us consider the Lyapunov function:

* * * * V * * E
W3 = S—Si —SsslnéJrV— Ves — Vesln—— + E; — E; — EyIn=2
SSS VSS EZ

+

a2+ p Iz—I;—I;lHI—z +z1E1 + 214
a I,

Calculating the derivative of W3 along the solution of (1), we obtain

YA S;s - V;S y E; N 4 I; :
W3 = <1——S )S+(l——v)V+< _E_z)Ez +—0é2 (1—E)Iz+zlE1+221]
Sss Vss
= - )A —ABySh — (9 +w)S]+ (1 - v JleS—(1- a)B,VIp — uV]

E*
+<1 _ F;) [AB2Sh + BV, — (ap + p)Ey]

oy + L
+2T2# (1 - i) [2Ey — (v2 + pp + wWh] +21E1 + 2214
. S Sk el Sk VS Vi
= #555(2—7——> +,UV55<3 ____*_T_>
555 S S VSS SS |74

S LSiE E

* SV LV E; E I; S;S
+(1 —0)52‘15512(4—Tﬁ——*—*———*———)
SV LVGE, EL S

AB1Ssh + (1 — )8 Vsl Leta)E  (pt o)k

Ap+o Ap+eo  Ap+(1-a)e
Aﬁls;:sll +(1- a)ﬁlv;sll
Ap+(1-a)
. S Sk . Ses VS Vi
= #555(2—7——>+NV55<3————*—T—>
S S S5 Vi SV

ABySecl, (3 -5 -2 2 222
+ﬁ2552( S LSLE 5*12)

. V* E* I* s*
+(1 _a)ﬁzvsslz(4_é£_l_21_2_b"_2_2_£)

SV LVisE EDL S
iy (A5;5 +(1-a)Vs ASgs+(1 - G)V;s) B ap(p + ap)Ey
i Auto Aut+(T—a)p ) [Ap+ol[Au+(1-a)g]

Let
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Fig. 2. Percentage composition of Omicron strain and XBB strain for Jinzhou COVID-19 epidemic in 2023.
Since R% >R(1) > 1, by (29) we see that a solution of (1) in Q for all t exhibits I1(t) = E1(t) = 0. We conclude the maximal
compact invariant set in Q satisfies

Percentage composition

May 08
May 15
Jul 03
Jul10
Jul 24
Jul 30

Q= {(S,V,E1,E2,I1,12)E|Ri X [Ri : W3 :0}

S=Ss, V=V, E=E, L=I E=0 1=0 (31)

Therefore, the Lyapunov-LaSalle theorem in (Wang, 2022) implies that (Sgs, Ves, 0, E5, 0,15) is globally stable. This proves
the theorem. [

4. Data fitting and numerical simulations
4.1. Two-strain data and analysis

The two-strain surveillance data and the weekly percentages of XBB cases, for Jinzhou COVID-19 epidemic (April 10,
2023—September 17, 2023), were provided by Jinzhou Center for Disease Control and Prevention (i.e., Jinzhou CDC) in this
study. In detail, the XBB strain in orange dominated and replaced the Omicron strain in blue within two months in Fig. 2, the
specific percentages of XBB cases were collected in Table 1. The daily percentage of XBB strain in orange was estimated in Fig. 3
using the cubic spline interpolation and the surveillance data. Combined the surveillance data and the percentages of two
strains, daily numbers of Omicron cases and XBB cases were obtained from 10 April to 29 September of 2023 in Fig. 4. Further,
the transmission evolution for Omicron strain and XBB strain were reflected within the total population.

4.2. Data fitting with parameter estimation

The infection cases being detected between April 10 and September 17 caused by either Omicron strain or XBB strain, as
reported by Jinzhou CDC. The percentage of the susceptible who had protection awareness was 50%, and they could reduce
their infection rate by 50% through control measures such as increasing their social distance and wearing masks. By using of
least squares method, the specific percentages in Fig. 4 and the parameter values in Table 2, the fitting curves for Jinzhou
COVID-19 epidemic were performed with 6434 infection cases and 9 deaths as of September 17, 2023 in Fig. 5, of which 1711
infected cases with Omicron strain in yellow and 4723 infected cases with XBB strain in red were respectively derived. Then,
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Table 1
Weekly percentage of XBB strain for Jinzhou COVID-19 epidemic in 2023.
No. Date Percentage(%) No. Date Percentage(%) No. Date Percentage(%)
1 Apr 10 00.00 6 May 29 58.33 11 Jul 17 76.92
2 Apr 17 50.00 7 Jun 05 72.73 12 Aug 07 87.50
3 Apr 24 20.00 8 Jun 12 69.23 13 Aug 14 100.00
4 May 01 50.00 Jun 19 50.00 14 Aug 21 100.00
5 May 22 66.67 10 Jun 26 58.33
100% T . T T T T T o
O Reported by Jinzhou CDC
90% [ Simulated by cubic spline interpolation b
80% b
70% q
60% [ l
50% [ 1
40% b ]
30% q
20% q
10% 1
0% & " . . . \ . , . .
Qo X \) 2 o Q yd A N &
b e @@SQ \\\a‘!i o @ e® g e P“g\
2023
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20 ——

Fig. 3. Daily percentage of XBB strain using cubic spline interpolation and the surveillance data from Jinzhou CDC.

Jun 01
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Jun 09
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Daily Omicron cases

Daily XBB cases

Sep 05

Sep 09

Sep 13

Fig. 4. Daily cases of Omicron strain and XBB strain for Jinzhou COVID-19 epidemic in 2023 using cubic spline interpolation.

Sep 17
Sep 21
Sep 25
Sep 29

the relationship between the basic reproduction number Ry and the parameters (i.e., q, g) of protection awareness is

investigated in Fig. 6. If g and g are set to 0.9 and 0.1 respectively, the basic reproduction number is 1.61. If g and g are set to 0.1
and 0.9 respectively, the basic reproduction number is 0.30.
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Table 2
Parameter values for Jinzhou COVID-19 epidemic in 2023.
Parameter Value Source Parameter Value Source
A 190.0 Jinzhou Bureau of Statistics a 0.8700 (Fu et al., 2023; Li, Song, et al., 2022; Pilishvili et al., 2021; Tchoumi et al.,
(2016) 2022; Thompson et al., 2021; Zou, Huang, et al., 2022)
61 1.4689 x 1077 Fitted a 0.2500 Fitted
G2 2.7610 x 1077 Fitted a 0.4000 Fitted
q 0.5000 Fitted e 0.0030 Guo and Li (2023)
g 0.5000 Fitted U2 0.0009 Fitted
@ 0.0024 National Health Y1 0.1429 Fitted
Commission of Jinzhou
(2021)
u 2.5600 x 10~° Jinzhou Bureau of Statistics v, 0.3333 Fitted
(2016)

- = = - Reported all cases Fitted all cases Simulated Omicron deaths Simulated XBB deaths
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Fig. 5. Data fittings of Jinzhou COVID-19 epidemic (Left). Simulated deaths for Omicron strain and XBB strain as of September 17, 2023 (Right).

4.3. Sensitivity analysis

The global sensitivity analysis using the Latin Hypercube Sampling (LHS) and Partial Rank Correlation Coefficients (PRCCs)
was performed to investigate the relationship between the parameters and the peak number of the infected of two-stain
SVEIR model, when the sample size was set to be 1000 and the p-value was set less than 0.01 in Fig. 7. The values of
PRCCs and their significance for all parameters on the peak number of the infected were shown in Table 3. Nine parameters
with stars played the key role on the peak number of the infected in Fig. 7. Especially, 8, az, 72 associated with XBB strain took
the greater effects than (4, @1, y1 for Omicron strain, which reflected the greater infectivity of XBB strain. Meanwhile, the
parameters q and g associated with protection awareness of the susceptible had significant role for the control of the virus
spread.

5. Discussion
5.1. Investigation on transmission scenario

If the infection rates of two strains were increased by 50%, then the infection scales would be increased rapidly in Fig. 8. As
of September 17, the infection scales caused by XBB strain and Omicron strain were increased from baseline to 1,028,697 and
39,170, respectively. The corresponding deaths increased to 926 cases and 118 cases. If the mean incubation periods of two
strains were decreased by 50%, then the infection scales would be tripled in Fig. 8. As of September 17, the infection scales of
two strains were increased to 15,221 and 4289, respectively, and deaths were increased slightly, to 27 cases. Therefore, the
future strain with the larger infection rate or the smaller incubation period would cause the larger infection scale. Especially,
one infection rate increased, the risks of reseiving deaths enhanced a lot.
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Fig. 6. Contour plot of sensitivity of Ry(q,g).
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Fig. 7. The values of PRCCs and significance for the peak number of the infected to two-strain SVEIR model. (*) denoted that the PRCCs were significant.

Table 3

PRCCs values for the peak number of infected.
Parameter PRCC P-value Parameter PRCC P-value
A 0.0382 0.2300 a —0.1474 0.0000
61 0.6752 0.0000 aq 0.1758 0.0000
G2 0.8575 0.0000 ay 0.2140 0.0000
q 0.6142 0.0000 1 —0.0180 0.5712
g —0.6066 0.0000 2 -0.0133 0.6768
@ —0.0397 0.2125 Y1 —-0.5725 0.0000
n 0.0090 0.7772 Y2 —-0.8350 0.0000

5.2. Investigation on protection awareness

The percentage of susceptible without protection awareness and the protection efficiency against the infection scales of
two strains were investigated. The results showed that, as of September 17, the infection scales with Omicron strain increased
from 930 to 3186, the infection scales with XBB strain varied from 1534 to 15,181, as percentage of susceptible without
protection awareness increased from 0.4 to 0.6 in the first two graphs in Fig. 9. Let the protection efficiency be 0.3, 0.5, 0.7, the
infection scales for both strains dropped to hundreds of infection cases with the increasing of protection efficiency. So, the
enhancement of percentage of susceptible with protection awareness or the protection efficiency surppressed the infection
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Fig. 8. Simulation scales of infection cases (Left) and deaths (Right) by two-strain SVEIR model. 1.564, 1.58; (Top) and 0.5a4, 0.5a; (Bottom).

scales and deaths for the future strain. Moreover, the infection scale with positive combination control strategy for Omicron
strain declined from 1711 to 236, and for XBB strain decreased from 4723 to 154; while the infection scales with negative
combination strategy significantly increase for two stains in Fig. 9. Compared with the surveillance data, the saved infection
scales at least reach 1556 and 10,482 in Table 4. Further, the time that the public who produce protection awareness is
explored against the infection scale. If April 10 is set as the date for baseline, and protection awareness of the public is
produced on May 20, as of September 17, then the infection scale with Omicron strain increases from 1711 to 16,008, the
infection scales with XBB strain varies from 4723 to 160,062 in the top of Fig. 10. If protection efficiency varies with the time,
then the infection scales of two strains decrease in the bottom of Fig. 10.

5.3. Investigation on two-strain SVEIR model

In this study, two-strain SVEIR model describes the transmission mechanism of COVID-19, which is more consistent with
the real situation by introducing the exposed within the total population, compared to the model by Tchoumi et al. (Tchoumi
et al., 2022). The results of two-strain SVEIR model show that the incubation period of the exposed impacts on the infection
scale of the epidemic. Compared to Wang's model in (Wang, 2022), the effect of vaccination is considered in two-strain SVEIR
model, because vaccine acts as the primary method of prevention and control after the closure of the dynamic zero-COVID
policy. Compared to Vashishth and Basaiti's model in (Vashishth & Basaiti, 2024), the protection awareness of the suscep-
tible is concerned, and the effect of protection awareness on the infection scale is then explored. As the consequences, the
results of this study show that, except for vaccination campaigns and non-pharmacological interventions, the time that the
public who produce protection awareness and the protection efficiency are also vital to the variations of infection scales.
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Fig. 9. Infection scales caused by Omicron strain (Left) and infection scales caused by XBB strain (Right) for four-type control strategies.

6. Conclusion

In this study, a two-strain SVEIR model with protection awareness is developed. The first consideration is that the
expression for the basic reproduction number was calculated using the next generation matrix method. The disease-free
equilibrium point of the two-strain SVEIR model is proved to be locally asymptotically stable and globally asymptotically
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Table 4
Infection scales of Jinzhou COVID-19 epidemic with four strategies in 2023.
Strategy Impact q g Omicron-strain XBB-strain
Fitted® Saved® Will save® Fitted Saved Will save
Baseline control - 0.5 0.5 1711 - - 4723 - -
Separate control (q) Negative 0.6 0.5 3186¢ 1556 — 15,181 10,482 —
Positive 0.4 0.5 930 — 700 1534 — 3165
Separate control (g) Negative 0.5 0.3 5925 4295 — 47,904 43,205 —
Positive 0.5 0.7 515 — 1115 540 — 4159
Combination control (q and g) Negative 0.6 0.3 8499 6869 - 90,249 85,550 -
Positive 0.4 0.7 236 - 1394 154 - 4545

2 Fitted is referred as infections by SVEIR model. ® Saved is meant for the difference between simulated infection and surveillance data. € Will saved is
denoted by the difference between surveillance data and simulated infection. ¢ As of September 17, the surveillance data for Omicron strain is 1630, and the
surveillance data for XBB strain is 4699. 1556 = 3186 — 1630.
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Fig. 10. Infection scales caused by Omicron strain (Left) and infection scales caused by XBB strain (Right). The time that the public who produce protection
awareness is shifted away 20 days, 30 days and 40 days from April 10 with baseline (Top). The protection efficiency varies with three-part phase, two-part phase
and baseline phase (Bottom).

stable when R < 1 was valid. Then the SVEIR model admits an infection equilibrium point for first-strain when Rg) > 1 held,
and also has an infection equlibrium point for second-strain when Rg > 1 holds. Meanwhile, when R(l) >1 and R(z) >1 hold,
there exists an interior equilibrium point when both strains are prevalent simultaneously. Further, the global asymptotic
stability of the interior equilibrium point is proved using Lyapunov function and LaSalle's invariance principle. In addition, the
Lyapunov-LaSalle theorem is also used to show the property of competitive exclusion of the SVEIR model with one dominant
strain.
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The interactions of the virus transmission against human behaviors are explored by analyzing the impacts of protection
awareness among the population of Jinzhou City. Using the percentages of both strains in Fig. 2 and daily infections of Jinzhou
COVID-19 epidemic from 10 April to 17 September of 2023, the two-strain SVEIR model is used to fit the tendencies of
Omicron strain and XBB strain. The infection scale of XBB strain gradually exceeds and dominates in the transmission, the
competitive exclusion relationship for both strains of Jinzhou COVID-19 epidemic within five months occurred in Fig. 4. Data
fittings and parameter estimations are performed by least squares mathed in Fig. 5. The simulation result shows that the
percentage of the susceptible without protection awareness is positively correlated with the basic reproduction number (i.e.,
Ro), and that the enhancement of the protection efficiency of the susceptible leads to the reduction of the basic reproduction
number (i.e., Rg) in Fig. 6. Meanwhile, using the PRCC global sensitivity analysis, the parameters associated with XBB strain
presents the greater impacts on the peak of the infected, compared to those with Omicron strain in Fig. 7, and the parameters
associated with protection awareness also played an significant role on the peak of the infected. If the infection rates are
increased by 50%, then the infection and death scales will increase significantly. If the incubation periods are decreased by
50%, then the similar tendency is presented in Fig. 8. If the protection awareness campaigns are strengthened and self-
protection measures of the individuals were increased, then the infection scales will be effectively controlled, which are
supported by the numerical simulations in Fig. 9. Especially, if the time that the public who produce protection awareness
become earlier, or, if protection efficiency varies with time during the epidemic, then the infection scales of two strains will
decrease, as illustrated by the results in Fig. 10. To control the infection scale, according to the current situation of medical
sources in the given region, we recommend that the officials from public health agents to promote the establishments of the
self-protection measures such as wearing masks, increasing social distance and prompt self-disinfection.
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