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Abstract: The emergence of a new strain during a pandemic, like the present COVID-19, is a serious concern to the
healthcare system. The most effective strategy to control this pandemic is vaccination. Many studies suggest that vaccine
efficacy against the new strain may reduce. Additionally, the new strain’s late arrival has a significant impact on the
disease dynamics and vaccine coverage. Focusing on these issues, this study presents a two-strain epidemic model along
with two vaccination provisions based on human behavior dynamics, in which the new strain appears with a time delay.
Individuals can commit vaccination before and after being infected with strain 1 and both vaccinated and non-vaccinated
individuals can be infected with strain 2. Our findings suggested that delaying the second strain increases the overall
vaccination coverage and reduces the peak size of the infected individuals.
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1. INTRODUCTION

Multistrain infection models are essential tools for
studying and predicting infection dynamics in the
presence of many active strains. Many illnesses,
including human immunodeficiency virus (HIV), dengue
fever, tuberculosis (TB), and even the current COVID-19,
can arise when two or more strains coexist [1], [2]. For
example, HIN1 flu virus infection is considered a
seasonal influenza mutation, whereas COVID-19 is
categorized as a novel SARS-CoV-1 strain. This
mutation process can result in the emergence of new
strains, especially if an effective medication has yet to be
developed. In the epidemic’s propagation phase, the time
it takes for a new strain to arise also plays a crucial role.
In the meantime, the cost of vaccination and the vaccine’s
efficiency against the new strain significantly influence
worldwide epidemic dynamics.

Most compartmental models, which are prominent tools
in epidemiology and health management systems, are
frequently used to examine any epidemic process or
pandemic. The SIR model, designed by Kermack and
Mckendrick, is the most extensively used
epidemiological model [3]. It has been thoroughly
explored and expanded to see a variety of hypotheses and
circumstances. Simply put, this model depicts how
iliness travels in people from the susceptible
compartment (S) to the infectious compartment (1) and
then to the recovered compartment (R), where people
build immunity to reinfection [4], [5]. Exposed (E),
quarantine (Q), hospitalized (H), and asymptomatic (A)
compartments may be used in some epidemics to
adequately examine disease dynamics [4], [6]-[9].
Investigation of control and mitigation measures, such as
vaccination, modeling of vector-borne diseases, and the
effect of birth and death dynamics is an additional
application of compartmental models in epidemiology.
Misinformation dissemination, corruption, and resource
misuse are factors that might be examined in SIR
dynamics. However, most of these models focus on the
evolution of the illness instead of the individual’s
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behavioral response to the situation. However, many
infectious diseases control approaches rely on human and
organizational decision-making. In this context, the new
field of behavioral epidemiology that incorporates
psychology and game theory into epidemiology attracted
significant attention. Individual behavior, rather than a
static role, is considered in the behavioral epidemiology
[10]-[12]. This is a perfect environment for sociophysics,
a novel science that blends statistical physics and
evolutionary game theory (EGT) to better understand
human behavior [13]-[15]. Bauch combined the SIR
model with EGT to study the vaccine decision-making
dynamics in a novel approach. Any individual can choose
their immunization based on disease dynamics,
vaccination cost, and vaccine effectiveness. This later
evolved into the “vaccination game” concept [16].

In this study, we propose a two-strain epidemic model in
which the first strain is active from the start of the disease
and the second strain emerges after a while. People can
be vaccinated in one of two ways: before they become
infected with strain 1 or after recovering from it. The new
strain can infect vaccinated and unvaccinated individuals.
When people’s preferred alternatives are to take a
vaccination or not, as well as when to take a vaccine, the
behavior model gives a framework for describing
individual behavior. We also demonstrated the impact of
the new strain’s introduction on disease dynamics and
individual vaccination behavior, as well as the total
vaccine coverage considering the time delay.

2. MODEL DESCRIPTION

2.1 Epidemiological model

We propose a nine-compartmental  two-strain
epidemiological model based on the SVIR (susceptible,
vaccinated, infected, recovered) dynamics. We also
introduce two behaviors: preinfection and postinfection
vaccinations of individuals. Figure 1 shows the schematic
of the proposed model. The formulation of the model is
given as follows:
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Fig. 1. Schematic of the proposed model.

S =—xS—BSUy +I{) = B,SIH, 1)
V:1 =xS— (1 —e)Uy + I))V; — B, (1 — ex) L, HV;, 2
Vz = YRy — (1 — ex) LHV,, (3)
I =BSUy + 1) —v1l, — & HI, 4)
1.{/ =B —e)(y + )V — i lf — ;HIY, (5)
I = B,SLH + (1 — ex) LAV, + B,(1 — e;)[,HV, +

el + &21] + BoRiH + B, (1 — e;)RYLH — y,1,H, (6)
R_1 =y1l;1 — YRy — B2R1 1 H, )
R¥ = )’11¥ = B(1- ez)R¥IzH| (8)
Ry =v.1LH, 0t<T 9)
H(t_T)z{l,tZT (10)
T = time delay of the appearance of strain 2,

S + V(@) + Vo () + () + IV (t) + I, () + R, (t) +
RY(t) + Ry (1) = 1, (11)

where S,V;,V,, 1, 1Y, I, Ry, RY, and R, are the fractions
of individuals of susceptible, preinfection vaccinated,
postinfection vaccinated, nonvaccinated and infected
with strain 1, vaccinated and infected with strain 1,
infected with strain 2, nonvaccinated and recovered from
strain 1, vaccinated and recovered from strain 1, and
recovered from strain 2, respectively. The Heaviside
function H(t — T) is used to control the time delay of the
appearance of strain 2. #, and 8, are the transmission
rates of strain 1 and strain 2 respectively. We consider
B, < B, because the new strain is highly transmissible.
We also demonstrate the dynamics for the opposite

Table 1. Model parameters and their description

scenario. y, and y, are the recovery rates from strain 1
and strain 2 respectively. Additionally, we consider y, >

Y, i.e., the recovery time for strain 2 is higher. e; and e,
are the vaccine efficacy values to strain 1 and strain 2,
respectively. We considered the fixed efficacy of the
vaccine for strain 1 and strain 2 in this study where e; >

e,, but we vary the efficacy for the new strain to
demonstrate the vaccination behavior and the social

dilemma in the extension of this study. ¢; and ¢, are the
mutation rates from nonvaccinated strain 1 and
vaccinated strain 1 to strain 2, respectively. We have
considered a very low mutation rate from strain 1 to strain
2. T represents the time delay of the emergence of strain
2. Table 1 presents all parameters and their meaning.

2.2 Behavior model

We introduce the concept of the behavior model [11],
[12], which accounts for the time-varying flux from
susceptible (S) to preinfection vaccination (/) denoted
by x and from the infected but recovered from strain 1
(R,) to postinfection vaccination (V) denoted by y. We
define the following two dynamical equations:

x =t x (1—x){c; Iy + m Iy + mylL,H) —k c},
y=1t,y (1 —=y)c;my,H -k c},

(12)
(13)

Parameters  Description Parameters Description
B, Disease transmission rate of strain 1 t, Inertial effect on preinfection
vaccination
B, Disease transmission rate of strain 2 t, Inertial effect on postinfection
vaccination
e Efficacy of the vaccine to strain 1 m, Severity effect of strain 1
e, Efficacy of the vaccine to strain 2 m, Severity effect of strain 2
Y, The recovery rate from strain 1 ¢ Disease cost
Y, The recovery rate from strain 2 c Vaccination cost
£ Mutation rate from strain 1 to strain 2 for k Relative sensitivity due to the cost of
nonvaccinated vaccination
&, Mutation rate from strain 1 to strain 2 for

vaccinated

where t, and t,, are the inertial effects for the rate of the
vaccinations; ¢; and ¢ are the disease cost and
vaccination cost, respectively; m;and m, are the severity
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effects of strain 1 and 2, respectively; and k is the
relative sensitivity to taking the vaccination due to its
cost. We have considered ¢; = 1.0 throughout the study.
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Most earlier models included the total number of infected
people at any given time, the cost of the disease, and the
cost of vaccination when calculating the dynamics of
vaccines. The severity effect m,, m, of the strains are
considered in our study with the other parameters. The
new strain frequently appears to be more severe and
highly transmissible in most cases, such as the current
COVID-19. To assess the dynamics of vaccination, the
severity effect is also a crucial parameter. For the
preinfection vaccination, we considered all infected
individuals at any given time in equation (12). However,
for the postinfection vaccination, we only consider the
total population of individuals infected with strain 2 in
equation (13). This is because individuals who did not

receive the vaccine the first time may be persuaded to do
so by the emergence of a highly contagious and more
severe strain.

2.3 Basic reproduction number

We calculated the basic reproduction numbers for both
strains using the next-generation matrix approach [17],
[18].

For this, by considering the infection equations (4-6), we
have

BiSL + By SIY
F = < Vi1 — el + piVi(1 — eIy )v
(&r]y + &1 + (B2S + Bo(1 — )V, + BoRy + B, (1 — e)RY + (1 — ex)V1)L)H

(1 + &I
v =

1+ €2H)1¥>v
v2lH

Then, from F and v, we calculate the matrices as follows:

BiS B1S 0
F=[pVi(1—e) BiVi(1—ep) 0 ,
&H &H (B2S + B2(1 — e)Vo + BoRy + Bo(1 — ex)RY + B, (1 — e;)V))H
Y1 + & H 0 0
V= ( 0 y1+&H 0 )
0 0 y.H
1 0 0
}/1+€1H
V 0 V1t&H 0
0 ——
v2H
Then, the next-generation matrix becomes,
BiS BiS 0
Yite1H Yit+&H
— Bivi(1—ey) B1Vi(1-ey)
M=Fy—t= ViteH ViteH 0
& H &H (BZS+BZ(1_62)V2+BZR1+B2(1_92)R¥+B2(1_92)VI)H
V1telH V1té&H Y2.H
Finally, by calculating the eigenvalues of the matrix M, FES0S2 = ft‘zo(ﬂZSIzH + B,(1 — ey)V,L,H) dt, 17)
we have the following expressions for the basic FESBoth = ft:o(ﬂlele + By (1 — e)VolLH + B (1 —
reproduction number of strains 1 and 2. e)RVLH + e, L H + &,V H) dt, (18)

_ _BiS B1Vi(1-e,)
Ro1 = yi+eH + yi1+eH ' (14)
RoZ — (BZS"‘BZ(1_ez)Vz+ﬁzR1‘:/flz{(l_ez)RI{"'ﬁz(1_32)V1)H’ (15)

2.4 Final epidemic size and vaccination coverage

In this model, we calculated the final epidemic size in
three ways: the final epidemic size of only strain 1
(FESOS1), the final epidemic size of only strain 2
(FES0S2), and the final epidemic size of both strains
(FESBoth). The expressions for the FESs are defined as
follows [10], [19]-[21]:

FESOS1 = R;(c0) + V,(c0), (16)
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where the argument co denotes a state of equilibrium.
The vaccination coverages for preinfection v, and
postinfection v,, and the total v, are defined as

vy = f::oo xS dt, (19)
vy, = [, ¥Ry dt, (20)
Then,

Ve = Uy + 1. (21)

3. RESULTS AND DISCUSSION

3.1 Standard (basic) case:
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Figure 2(a) shows the time series graph using the efficacy of the vaccine for strain 2 (e,). The mutation
standard (basic) set of parameters for the proposed model. rates &,, £, from strain 1 to strain 2 were taken quite low.
Tables 2 and 3 present the standard values of the In the standard case, we considered the appearance of
parameters and the initial value for the compartments and strain 2 after T = 60 days after the appearance of strain
vaccination rates, respectively. We considered that the 1. Figure 2(b) shows that the transmission rate of strain 2
transmission rate of strain 1 (f;) is lower than the is lower than that of strain 1 (reversing the values of

transmission rate of strain 2 (,). We also considered the

d ith all th ini ters, kept th
efficacy of the vaccine for strain 1 (e;) is higher than the B, and f,), with all the remaining parameters, kept the

same.
1.0 1.0 —
@ (b) v
0.8 — 0.8 =
vy .
c — V> < v
Sos — % | Bos =
2 —_— = Ry
20.4 — 20.4 - RY
£ Ro| & N "
v
0.2 . i 02{ | e
A | J A__
0.0 4 , e - 0.0 £5— , '
0 50 100 0 50 100

150 200 250 300 150 200 250 300

Time Time
Fig. 2. Time series of the compartments for a standard case. Here, the blue line indicates the susceptible people; the orange
and green lines indicate the vaccinated people before and after being infected with strain 1, respectively; red, violet, and
brown indicate the infected people with strain 1 (nonvaccinated and vaccinated, respectively) and strain 2; pink and gray
indicate the recovered people infected with strain 1 (honvaccinated and vaccinated, respectively); and yellow indicates
the recovered people infected with strain 2. In figure 2(a), the peak infection for strain 1 is approximately 0.15 and the
peak infection for strain 2 is approximately 0.3. However, in Figure 2(b), the peak infection for strain 1 is approximately
0.3 whereas the peak infection of strain 2 is approximately 0.15. In Figure 2(a), almost 90% of the people are infected
with strain 2 because the transmission rate of strain 2 is higher. However, in Figure 2(b), nearly 80% of the people are
infected with strain 2 because the transmission rate of strain 2 is lower.

Table 2. Parameters and their values (standard case) T = 1 days, i.e., almost simultaneous with strain 1, the
Parameter Value Parameter Value initial value of the basic reproduction number starts from
B 0.7 £ 0.0001 approximately 4.0 because strain 2 has a larger
1 10 12 10 transmission rate. If the time delay for strain 2 is 60 days,
B, ' to ty ' the initial value of the basic reproduction number is
e 0.7 my, m, 1.0 approximately 3.1. Similarly, for T = 120,240, the
e, 0.5 c 1.0 initial value of the basic reproduction number starts from
y, 0.33 c 0.1 2.9 and 2.8 and decreases with the spent time.
Y, 0.25 k 0.1 i R
Ry (T=1)
Table 3. Initial values for the compartments and 3 — Rop(T = 60)
vaccination rate _ — Ryy(T = 60)
State At t= 0 StatelRate At t = 0 'g 2 *.4'" | e Rpy (T = 120)
S 0.997 I 0.00 3 "‘. e Ry (T = 120)
v, 0.001 R, 0.00 '\ Ro1 (T = 240)
v, 0.00 RY 0.00 gl . , — + Rop(T = 240)
I, 0.001 R, 0.00 0 100 200Time300 400 500
Iy 0.001 xy 0.01 Fig. 3. Time series of basic reproduction numbers with
different time delays of the appearance of strain 2. The
3.2 Time delay effect on basic reproduction number, values of the parameters are the same as those for the
R, standard case. For strain 1, the starting points of R, are
Figure 3 shows the time delay effect on basic the same with different T values and they decrease with
reproduction numbers R,; and R,,. We considered four the spent time. However, the starting points of R,
cases. The appearance of strain 2 happens after T = decrease with the delayed appearance of strain 2 and
1,60,120,and 240 days. For strain 1, the basic decrease with time.
reproduction number always starts from the same point,
approximately 2.2, and decreases with time. However, 3.3 Time delay effect on infection and vaccination
for strain 2, the starting point for the basic reproduction Figure 4 shows the infection and vaccination time series
number decreases with time. Thus, if strain 2 appears at using four distinct time delays of strain 2 emergences.

The total infection for strain 1 (vaccinated and
150
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nonvaccinated) is shown in panel (a). We can see that the
total infection of strain 1 is unaffected because of the time
delay in the appearance of strain 2. The total infection
peak is the same for T = 1,60,120,240 (approximately
0.15). Infection for strain 2 is displayed in panel (b)
showing that the infection peak decreases when the
arrival of strain 2 is delayed. When T = 1 day, i.e., both
strains are active practically concurrently from the start,
the infection peak for strain 2 is the highest
(approximately 0.35). However, when T = 60,120,240,
the infection peaks for strain 2 are 0.28, 0.25, and 0.23,
respectively. Panel (c) is made up of panels (a) and (b).
As shown in these panels, the delay in the appearance of
strain 2 does not affect the infection of strain 1 but it does
diminish the peak size of strain 2, implying that strain 2
becomes weaker as time passes.

Preinfection, postinfection, and entire vaccination time
series are illustrated in panels (d), (¢), and (f). If T =1,
there is less time for vaccination instead of infection in
panel (d). If T = 60,120,240 persons have time to be
vaccinated, approximately 30% of them (vaccination
peaks always occur at approximately 0.3) received their
vaccination before becoming sick with any strain. In
panel (e), the vaccination peaks increase as the arrival of
strain 2 is delayed. After being infected with strain 1 for
T = 240, over 35% of persons (peaking at approximately
0.35) can be vaccinated. The entire vaccination time
series is presented in panel (f). We can see that delaying
the appearance of strain 2 increases the possibility of
postinfection vaccination and hence overall vaccination,
lowering the risk of infection with strain 2, which is
complementary to panels (a)—(c).

o — i)
0.125 @ (L — 03 ® BT=D 03 © ool
LI(E = 60) | (T = 60) '
0.100 b 5% 5 — (0 =120) | SANT=10
.g ' AS 0.2 — (T = 240) .5 0.2 =IaS UG
50.075 — [ T(T = 240) s 8 5 —
B{T=1)
g g I g ro
=] = = — (T = 60
£ 0.050 =01 \\ =01
| (T =120)
0.025 I ‘
I\ (T =240)
0.000 ’ . : : 0.0 : — e z 5 0.0 : 2 : =
0 200 400 600 0 200 400 600 0 200 400 600
Time Time Time
— Y, (T =1) 0.3 — (T=1) 0.6 — Yy (T=1)
V(T = 60) V(1 = 60) ¥o{T = 60)
— (T = 120) .5 — (T = 120) E 0.4 - %{r=10)
%02 B '
— (T =240) g — (T = 240) = - (T =210)
o o
v o
201 802
0.0 0.0
0 200 400 600 0 200 400 600 0 200 400 600

Time

Time

Time

Fig. 4. Time series of infection and vaccination with a time delay of the appearance of strain 2. Panel (a) shows the total
infection (1,T) due to strain 1, and panel (b) shows the total infection due to strain 2 (I,). Both (a) and (b) show the four
different time delays of the appearance of strain 2. Panel (c) is the combination of (a) and (b). Panel (d)—(f) represent the
time series of preinfection vaccinated (V,), postinfection vaccinated (V,), and total vaccinated (V;), respectively. Here,
time delay T is taken as 1,60,120,240 days and all parameters and initial values are kept the same as those of the standard
case. We can observe from the panels that the time delay of the appearance can give people more chances to be vaccinated

and can reduce the risk of infection from strain 2.

3.4 time delay and inertial effects on vaccination
Figure 5 shows the inertial and time delay effects on
vaccination. Here, we considered three time delays T =

60,120, 240, and three sets of inertial effects (tx, ty) =

(0.1,0.1), (0.5,0.5), (1.0,1.0) on vaccination. For T =
60, panels (a)—(c) show the time series of preinfection
vaccination, postinfection vaccination, and total
vaccination. In panel (a), we can observe that
preinfection vaccination is less with a less inertial effect
and it is high with maximum inertial effect. This is
obvious when the high inertial effect is active, i.e., people
giving maximum effort, the preinfected vaccinees is
maximum. However, the behavior of postinfection
vaccination is the opposite. We can see from panel (b),
that a less inertial effect gives maximum vaccines
whereas a high inertial effect gives fewer vaccines. This
is because, with a high inertial effect, most people take
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the vaccine before they are infected with strain 1, and
fewer people who can take the vaccine after being
infected with strain 1 remain. Meanwhile, if fewer people
take the vaccine earlier (when the less inertial effect has
been considered), there will be more people remaining,
those who can be infected with strain 1 and can take the
vaccine to become safe from strain 2. A combination of
(a) and (b) shows in panel (c), that the total vaccination
looks similar, but for the less inertial effect, the peak of
the total vaccination seems higher.

For T = 120, panels (d)—(f) are displayed. In panel (d),
we can see similar behavior in preinfection vaccination
time series like panel (a) which means that less inertial
effect implies fewer people choose vaccination before
being infected with strain 1. In panel (e), similar behavior
is observed like panel (b), less inertial effect implies more
people take the vaccine after being infected with strain 1.
However, the infection peaks in all three cases in panel
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(e) are much higher than the corresponding peaks in panel For T = 240, panels (g)—(i) look almost similar to the
(b). Consequently, the combination of panels (d) and (e) corresponding panels (d)—(f). However, peaks in panels
i.e., panel (f), shows that the total vaccination peaks are (h) and(i) are higher than the corresponding peaks of
also much higher than those in panel (c). This is because panels (e) and (f) because of the time delay of the
the time delay of the appearance of strain 2 gives much appearance of strain 2. Thus, we can see that the time
time to the people who are not vaccinated before being delay of the appearance of strain 2 can increase the
infected with strain 1. These people can take a vaccine chance of taking a vaccine, which can reduce the risk of
when strain 2 emerges or is present. infection. Additionally, a less inertial effect may help

make more people vaccinated.
w— (£ = 0.1,t, = 0.1) — Vet =01 Ly, = 00) p— V(b = 0.1, = 0.1)
Vi(tz = 05,t, = 0.5) Va(ty = 0.5,t, = 0.5) Vr(t, = 05,t, = 0.5)

s Vy(t; = 1.0,t, = 1.0)

w3 (b = 1.0,t, = 1.0)

Vr(ty = 1.0,t, = 1.0)

03{ (b) 051 (¢)
g < 0.4
502 %03
(- &
S S
§ 01 § 0.2
0.1
0.0 0.0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time Time Time
0.30 d 05 0.8
g e
025 | (@ (e)
0.4 0.6
50.20 5 s
o1s go3 £ o4
] S 0.2 v
£0.10 < s 02
0.05 0.1 '
0.00 0.0 0.0
0 100 200 300 400 500 0 100 200 300 400 500
Time Time Time
0.6
c c
204 o
® ®
c <
v v
o I
202 =
0.0
0 200 400 600 0 200 400 600 0 200 400 600
Time Time Time

Fig. 5. Time series of preinfection vaccinated (V,), postinfection vaccinated (V,), and total vaccinated (V) people are

presented with three sets of inertial effect (tx, ty) = (0.1,0.1), (0.5,0.5), (1.0,1.0) along with T = 60,120,240 days.
The remaining parameters are taken as standard ones. These figures show that the time delay of the emergence of the
second strain can help people be vaccinated more and less inertial effect can increase the total number of vaccinated
people as a whole.

3.5 time delay and severity effects on vaccination (c) is the combination of panels (a) and (b), which reflects
Figure 6 shows the severity and time delay effects of that more severity implies more vaccination.
vaccination. Here, we considered three time delays T = For T = 120, panels (d) — (f) have similar behavior
60,120, 240, and three sets of severity effect (m,,m,) = corresponding to panels (a)—(c). In panel (d), the peaks
(0.1,0.1),(0.5,0.5), (1.0,1.0) on vaccination. For T = 60, of the vaccination compared to panel (a) are similar, but
panels (a) —(c) show the time series of preinfection in panel (e), peaks are much higher than those in panel
vaccination, postinfection vaccination, and total (b). This is because the time delay of the appearance of
vaccination. In panel (a), we observed that the strain 2 gives more time for people to be vaccinated.
vaccination peak is highest when the severity effect is Consequently, panel (f) shows that the peak of the total
maximum. This is obvious because if the severity is vaccinated people is higher than that in panel (c).

higher for any strain, people must go for the vaccination For T = 240, panels (g) — (i) also behave similarly
as early asitisavailable. In panel (b), we observed almost compared to panels (d)—(f). However, the postinfection
a similar behavior with different severity effects because vaccination peak is a little higher in panels (h) and (i) than
after being infected with strain 1, every person tries to in panels (e) and (f) because of the time delay of the
take the vaccination to remain safer from strain 2. Panel appearance of strain 2. Therefore, these panels show that

more severe diseases can increase the chance of
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vaccination and more time delay increases the chance of
vaccination, which can reduce the risk of infection.

Vy(my = 0.1,m, = 0.1)

Vy(my = 0.5,m, = 0.5)

Vi(my = 1.0,my = 1.0)

Va(my = 05,m, = 05)

w— Vo(my = 1.0,m;, = 1.0)

Va(my = 0.1,m, = 0.1)

s Vp(my; = 0.1,mp = 0.1)

Vr(m; = 0.5,m, = 0.5)

Vr(m; = 1.0,m; = 1.0)

0.30

0.5
0.25 0.20
0.4
5020 §0.15 s 03
[T=60 > Zous : g0
S g 0.10 g 02
$0.10 8 s
0.05 0.05 0.1
0.00 0.00 0.0
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§020 5 : § 04
(7240 » % 015 g 02 g
v o o
=0 >01 > 0.2
0.05
0.00 0.0 0.0
0 200 400 600 0 200 400 600 0 200 400 600

Time

Time Time

Fig. 6. Time series of preinfection vaccinated (V,), postinfection vaccinated (V,), and total vaccinated (V) people are

presented with three sets of severity effects (m,,m,) = (0.1,0.1), (0.5,0.5), (1.0,1.0) along with T = 60,120,240 days.
The remaining parameters are taken as standard ones. These figures show that the time delay of the emergence of a second
strain can help people be vaccinated more and a higher severity effect can also increase the total number of vaccinated

people.

4. CONCLUSION

The emergence of new strains creates a new challenge to
the healthcare system. However, the time lag between the
appearances of the resident and new strains can be
substantially influential in determining the disease
dynamics, especially for the second strain. Although
vaccine efficacy against the new strain may reduce, its
late appearance increases the possibility of higher
vaccination coverage, inevitably reducing the infection
peak (as well as epidemic size) concerning the new strain.
This study investigated such a context by employing a
two-strain epidemic model with preinfection and
postinfection vaccinations. More precisely, individuals
who forgo vaccination and are infected with the resident
strain have the chance to be vaccinated after recovery. As
vaccination is mostly voluntary, we consider behavioral
dynamics to model individuals’ vaccinating behavior.
The decision to be vaccinated is influenced by the timing
of the emergence of the new strain, its severity,
transmission rate, and the cost and effectiveness of the
vaccine. Most previous studies focused on stability
analysis [22], competitive coexistence [23], optimal
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control [24], vaccination behavior [25], and disease
dynamics of multistrain models.

Our primary concern was to observe the effect of
vaccination and the time delay of the emergence of a new
strain on controlling disease spreading. Generally,
vaccination is effective in reducing the disease spreading.
We also demonstrated that the time delay of the advent
of a new strain could considerably reduce the
corresponding basic reproduction number. Our results
further suggest that the larger the time delay is, the higher
the vaccination coverage, reducing the peak and the final
epidemic size of the new strain.

In the extension of this work, we will investigate the
social dilemma for taking vaccination of this proposed
model by calculating the social efficiency deficit, which
is the payoff gap between an equilibrium state and the
social optimal state [26]. Additionally, we will
investigate the effect of time delay on the social dilemma
of taking the vaccination based on the cost and
effectiveness of the vaccine.
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