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ARTICLE INFO ABSTRACT
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Vaccinated, Infected, and Recovered (SLVIR) epidemic dynamics. We explore how human
behavior, particularly in the context of disease transmission, is influenced by two intervention
strategies: vaccination and lockdown, both of which are grounded in the principles of evolu-
tionary game theory (EGT). This comprehensive study using evolutionary game theory delves into
the dynamics of epidemics, explicitly focusing on the transition rate from susceptibility to im-
munity and susceptibility to lockdown measures. Our research involves a thorough analysis of the
structural aspects of the SLVIR epidemic model, which delineates disease-free equilibria to ensure
stability in the system. Our investigation supports the notion that implementing lockdown
measures effectively reduces the required level of vaccinations to curtail the prevalence of new
infections. Furthermore, it highlights that combining both strategies is particularly potent when
an epidemic spreads rapidly. In regions where the disease spreads comparatively more, our
research demonstrates that lockdown measures are more effective in reducing the spread of the
disease than relying solely on vaccines. Through significant numerical simulations, our research
illustrates that integrating lockdown measures and efficient vaccination strategies can indirectly
lower the risk of infection within the population, provided they are both dependable and
affordable. The outcomes reveal a nuanced and beneficial scenario where we examine the
interplay between the evolution of vaccination strategies and lockdown measures, assessing their
coexistence through indicators of average social payoff.

1. Introduction

Vaccination is crucial in reducing the prevalence of infectious diseases worldwide by strengthening individual immunity [1]. The
decision to receive vaccinations depends on factors such as self-interest, risk assessment, cost, awareness, and the behavior of others.
These factors help individuals evaluate the impact on mortality and morbidity, thereby minimizing the risk of infection [2]. Over the
past few years, extensive research has focused on epidemiology [3], highlighting the significance of vaccination [4] within the field of
evolutionary game theory [5-7]. Many previously widespread and fatal infectious diseases have been effectively controlled or
eliminated through vaccination efforts. Vaccines have been instrumental in drastically reducing or eradicating viruses like smallpox
[8], diphtheria [9], measles [10], and polio [11] in various parts of the world. Vaccinations have also played a vital role in decreasing
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the prevalence of infections such as influenza [12], pneumonia [13], human papillomavirus (HPV) [14], and hepatitis [15]. Further,
achieving herd immunity [16] is only possible by vaccinating a significant portion of the population. This concept suggests that when
many people receive vaccines, even those who are unvaccinated are protected because widespread outbreaks are less likely to occur.
The more individuals are vaccinated, the greater the protection against infections. From an economic standpoint, vaccination can be a
powerful tool in restoring societal and financial normalcy [17].

When a disease outbreak occurs, it spreads rapidly initially due to a lack of knowledge and awareness. In such situations, educating
and informing people about the disease transmission and symptoms is crucial to help them make informed decisions. In response,
governments often implement early lockdown measures to mitigate the spread of the disease, although it is not a foolproof solution
[18]. However, these lockdowns also result in a cessation of income for individuals and can lead to financial crises at the individual and
national levels [19]. Consequently, people face the challenge of adhering to the lockdown measures due to economic hardships. In an
attempt to avoid financial crises, some countries prematurely reopen their markets, leading to subsequent waves of outbreaks [20].
The concept of lockdowns as a means to restrict population mobility and activities originated from public health protocols. Throughout
history, lockdowns have been implemented during various infectious disease epidemics, such as the Spanish flu pandemic in 1918,
when communities worldwide adopted measures to contain the virus [21]. However, the widespread implementation of statewide
lockdowns observed during the COVID-19 pandemic [22] is a relatively new phenomenon. Governments have taken precautionary
measures by enforcing widespread closures and urging citizens to stay home and avoid crowded places [23,24]. People generally
comply with lockdown measures when they witness the rapid spread or increased mortality associated with the disease. However, the
imposition of strict restrictions by the government often leaves individuals with a dilemma between prioritizing economic freedom or
public health [25,26].

The concept of the vaccination game combines evolutionary game theory and an epidemiological compartment framework [27].
This theoretical concept, pioneered by Kermack et al. [28] and other researchers [29,30], has played a crucial role in understanding
and controlling infectious diseases in epidemiology. The application of evolutionary game theory in epidemiological dynamics has
allowed scholars to study human decision-making processes [31] and the strategies that govern population behavior. Compartmental
models, such as the SIR [32-39], SEIR [40-43], SLIR [44,45], SVIR [46-50], and SIRS [51-53] models, incorporating additional
compartments, have been widely used to scientifically characterize infection dynamics based on the work of Kermack [28] and
McKendrick [32].

Modeling approaches have successfully contributed to developing control methods for various diseases [54]. Previous research,
considering different temporal stages and specific locations, has demonstrated that measures such as vaccination [1,7,8], lockdowns
[23,55], awareness campaigns [56], isolation protocols [57], hospitalization strategies [58], quarantine measures [59], and treatment
interventions [7,60] can effectively reduce the spread of infectious diseases. Kuga et al. [61] proposed a game theory-based model to
assess the effectiveness and cost-effectiveness of vaccination. Individuals’ decision-making regarding vaccination and adherence to
lockdown measures is influenced by factors such as vaccine quality, vaccine cost, the impact on livelihood, education, business
involvement, personal beliefs, social networks, and neighbors’ preferences. Hence, examining how these factors affect the accept-
ability of lockdowns and vaccinations is crucial.

In a recent study, Wei et al. [62] delved into the dynamic nature of individual behaviors regarding adopting nonpharmaceutical
interventions (NPIs) amid the COVID-19 pandemic. Their research delves into the strategic interactions within the population over
time, shedding light on the long-term stability of equilibrium points in intervention adoption. Arbel et al. [63] utilized evolutionary
game theory to probe into noncompliance with social distancing rules in Western societies, emphasizing the influence of law
enforcement efficiency. Their analysis uncovers potential equilibrium solutions, showcasing the tendency towards defection in the
absence of robust enforcement mechanisms. Empirical evidence supports this theoretical framework, highlighting the correlation
between law enforcement efficiency and infection rates in democratic and autocratic countries. Recently, Xue et al. [64] investigated
how hospital ownership types (public vs. private) influence in-hospital mortality and medical expenses. It reveals significant differ-
ences, indicating that hospital ownership impacts clinical outcomes and costs, with variations across different medical conditions.
Additionally, Zhou et al. [65] integrated individual preferences into a game-theoretic epidemiological model, categorizing individuals
into health-centered and freedom-centered groups. Their study identifies two pooling equilibria that impact government policy de-
cisions, offering valuable insights for public management and governmental decision-making. The delicate balance between health
and economic considerations during the COVID-19 pandemic and future health emergencies is underscored. In contrast to the
aforementioned discussions on NPI strategies, our focus is predominantly on two provisions: lockdown and vaccination policies.
Crucially, our proposed model incorporates information about disease and lockdown to help individuals avoid infection by reducing
the disease transmission rate through participation in suitable provisions.

The field of theoretical epidemiology has witnessed numerous scholars’ integration of evolutionary game theory to gain insights
into changes in human behavior and decision-making during epidemic outbreaks. One area of focus in this approach is examining the
rate of transition from susceptibility to immunization and susceptibility to lockdown. Through analytical examination of the SLVIR
epidemic framework, disease-free scenarios can be studied to understand stable conditions. This analysis helps determine the
appropriate rate of lockdowns, considering factors such as the number of infections, the cost of lockdown measures, and government-
imposed regulations. Similarly, the vaccination rate can be understood by considering the number of infections and the cost of
vaccination. By employing this model, governments can make informed decisions more efficiently in the future, aiming to prevent
disease spread and reduce the risk of human infection and mortality.

This study explores several fundamental structural components that drive the dynamics of the SLVIR epidemic model that form the
foundational framework for understanding how the model operates and how interventions such as vaccination and lockdown measures
influence disease transmission dynamics. Firstly, the model incorporates the transitions between different disease states, including
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susceptibility, lockdown adherence, vaccination, infection, and recovery, capturing the complexity of epidemic dynamics. Secondly,
the model accounts for human behavior, particularly in response to intervention strategies, such as vaccination and lockdown mea-
sures, grounded in evolutionary game theory principles. This aspect acknowledges the dynamic and adaptive nature of human
decision-making in the context of disease transmission. Thirdly, the research involves a thorough analysis of the structural elements of
the SLVIR model, focusing on delineating disease-free equilibria to ensure stability in the system. This analysis provides insights into
the conditions under which the epidemic can be controlled and highlights the interplay between intervention strategies and population
dynamics. Finally, the model incorporates numerical simulations to assess the effectiveness of different intervention strategies,
demonstrating the potential synergies between vaccination and lockdown measures in reducing disease transmission and lowering the
risk of infection within the population. Overall, these structural aspects contribute to a comprehensive understanding of epidemic
dynamics and inform disease control and prevention strategies.

2. Model and method

This section introduces a dynamic model based on differential equations that describes the characteristics of different groups of
individuals in a compartmental model. The dynamic model for the transmission of diseases is presented in this part, together with
behavioral dynamics related to vaccination and lockdown among the people in a society. The SLIVR epidemic model is used, which
divides the population into five compartments: susceptible (S), infected (I), vaccinated (V), under lockdown (L), and recovered (R)
individuals (see Fig. 1). This pandemic framework offers a valuable approach to studying infection dynamics and predicting the
behavior of highly dangerous diseases in real-world scenarios. By combining vaccination and lockdown measures, the spread of the
disease can be effectively restricted within a community. It is worth noting that more than one preventive strategy may sometimes be
needed for disease elimination. The disease is then successfully eliminated by two preventative control mechanisms, namely, lockdown
and vaccination. A susceptible person contracts the disease at an infection rate of # and takes part in the vaccination scheme at a
variable rate x,. An immunized person may get an infection at a rate of (1 — #)$ where 5 indicates vaccine efficiency (0 < # <1 ). When
the government detects that the number of infected individuals is rising, announced a lockdown (¢; = 1), and people move into
lockdown at a rate of x;¢;. When the government notices that the number of infected people is very low with respect to time, lifted the
lockdown (¢; = 0), and people return to normal life at a rate of (1 — ¢;)I; in which ¢, is define as ¢; € [0,1].

Finally, Infected people will be recovered at the rate of y. The mathematical form of SLVIR can be obtained by

%z = BS(OI(t) — xu(t)@S(t) — x,()S(t) + (1 — o)L oy
%:xl(t)fﬂzs(t) —L(1-g)L o
‘%’ =x,(t)S(t) — (1 —n)AV(OI(t) o

L
xX;. P (1 - ¢l)ls

Fig. 1. The epidemic model comprises five compartments: susceptible (S), lockdown (L), vaccination (V), infected (I), and recovered (R). Sus-
ceptible individuals transition into lockdown at a rate x;¢; when the government enforces a strict lockdown with an implemented lockdown rate ¢,
= 1. Lockdown individuals return to the susceptible compartment at a rate (1 — ¢;)l; (where I; = lockdown to susceptible back rate) when the
government lifts the lockdown, and the implemented lockdown rate is ¢; = 0. Susceptible individuals become infected at an infection rate $ and are
also subject to vaccination at a rate x,. Vaccinated individuals can still get infected if the vaccine efficacy is less than 100 % or does not provide
complete protection. Infected individuals recover at a rate y.
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=ASOIO + (1 - VOO — 70 a4
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The initial values are S(0) > 0,L(0) > 0,I(0) > 0,V(0) > 0 and R(0) > 0, and S(t) + L(t) + I(t) + V(t) + R(t) = N. Here, the N
represents the total population size, assumed to be 1 in the context of a well-mixed and infinite population.

Depending on their preferences and policy, people can decide whether to be vaccinated or go into lockdown by tracking how many
individuals contract the disease at any particular time throughout any specific season. Based on the cost of the vaccination and the
lockdown, as well as other related criteria, each participant in behavioral mechanisms can decide whether to participate in the pre-
ventative intervention by participating in the vaccine program, the lockdown, or neither. In a procedure known as proactive inter-
vention, people compare their options against factors like how long it will take them to recover, how much the vaccine will cost, how
much it will cost to stay in lockdown, and the probability of contracting a disease. Thus, if the person receives vaccinations at a rate (x,)
and remains in lockdown at a rate (x;), the equation that explains human conduct patterns is as follows:

%:mxv(l _xv)[ - V(t)CV+CII] @
%:ﬂlxz(l —x1)[ = L(t)Cy + Cil + CaA] @

The costs of vaccination, lockdown, infection and for government are denoted here by Cy, C;, C;, and C, respectively. For simplicity
and convert normalized, we consider C, = Cy/C;, C; = C/C; and C, = C4/C;, in which C; =1 and C, = 1. The reduced system,

(1 - x)[— V(G + 1] @
dt
%:TTLX’l(l —Xl)[—L(t)CV+I+A] 5)

The number of infected persons concerning time and the government forces people to maintain lockdown, which are indicated by
I(t) and A respectively. A person’s conditions throughout a pandemic period define the expenses they incur and on their final social
payout, deciding whether they win or lose. The quantity [ — V(t) C, +I(t)] in equation (4) was created to represent the risk compromise
for a person between cooperation and defection, and its sign (positive or negative) determines whether to get the vaccination. The
identical term ( — V(t) C,) is adversely affected as the value of vaccination increases. It would be detrimental if an exclusive portion of
people decided not to be immunized since it would make it more difficult to achieve herd immunity. On the contrary, if the probability
of infection and the proportion of infected people rise, the vaccination rate will increase. Here, proportionality constant of lockdown to
susceptible is [; and the balance constant from individual to rate is m.

Similarly, A person’s chance of making a negotiation between cooperating and defecting is represented by the fraction of
[—L(t) C;+I(t) + A] in equation (5) and depending on whether it has a positive or negative sign, whether lockdown should be
implemented. A proportion of people would not be interested in going into lockdown, as it would have a detrimental effect and in-
crease the risk of disease spreading. As the cost of lockdown rises, the identical term ( — L(t) C;) is adversely influenced. When gov-
ernments impose lockdowns on people, everyone must stay at home, and as a result, the lockdown rate rises. Because of the disease’s
spread, the government aggressively enforces a lockdown. The government may tighten the restrictions on the lockdown if the disease
spreads widely. The government typically imposes lockdown initially, and individuals walk out to market while wearing masks and
keeping social distance. Individuals cannot leave their houses when the government tightly enforces a lockdown in the second stage. If
someone leaves, the police will penalize and detain them. Therefore, the infection rate decreases when the government raises
restrictive levels A.

2.1. Average social payoff (ASP)
We examine the combined influence of lockdown measures and vaccination within a comparable framework to assess the average

societal payout (ASP) upon the conclusion of an epidemic. The Nash equilibrium point reveals the ASP in the context of evolutionary
game theory, as articulated by,

ASPYE = — CyV(o0) — CyL(00) — R(0). (6)

ASPNE represents the payoff at Nash equilibrium point (NEP) when both games (vaccination and lockdown) have reached an equi-
librium position on the specific time scales.

2.2. Reproduction number

To get the reproduction number of equation (1), assumed the two following inequalities:
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a) the derivative & < 0,iffS* + (1 — n)pV* <7y,.
b) the derivative £ > 0,ifpS* + (1 — n)BV* > 7.

Therefore, the effective reproduction number is identified by .72, = % + (17% If #. < 1, then the disease will eventually
disappear and if .%, = 1 then the disease will persist and stabilize in the system. But if %, > 1 then the disease will proliferate and
result in an outbreak.

Theorem 1. IfRy < 1, then the disease-free equilibrium is locally asymptotically stable. If Ry > 1, the disease-free equilibrium is unstable.

To analyze the stability of the disease-free equilibrium Eq = (S, V,L,I,R) = (S*, V*,L*, 0, 0) , the Jacobian matrix for the system of equation
(1) is as follows:
Proof: Now, let’s calculate the Jacobian matrix for the suggested model.

—pl—xip,— %,  L(1—¢) 0 -pS 0
X L1 —¢) 0 0 0
J= X 0 ~Q=mpr —(Q=npv 0
sl 0 (IT—mpl S+ —n)pV—y 0
0 0 0 Y 0
At the equilibrium point Ey = (S*,V*,L*,0,0) , we have
-9 —% L(l-¢) O —ps’ 0
X -L(1-¢) O 0 0
J= Xy 0 0 —(1 —n)pv* 0
0 0 0 S +(1—npv —y O
0 0 0 v 0
We examine the characteristic equation presented by || J — AI || = 0. After expanding this, the eigenvalues are 1; = 0, A, = —y+ pS*+

(1 = #n)pV, A3 = 0. The remaining eigenvalues will be evaluated from the following matrix:

J = —xp =% L(1-¢)
Xy -L(1-¢)

Only when its trace is negative and its determinant is positive does this matrix have negative eigenvalues. We get the trace Tr(J,) = — xip; —
x,—L;(1 — ¢;) < 0. The result of the requirement that the determinant be positive is (xip; + x,)I;(1 — ¢;) — xi;ls(1 — ;) > 0. The remaining
eigenvalue will be negative. As all eigenvalues are negative or equal to zero, therefore, conferring to Routh-Hurwitz criteria [66], we can easily
accomplish that the model is locally asymptotically stable at the disease-free equilibrium point E, whenever Ry < 1 and unstable if Ry > 1.
However, when Ry = 1, it indicates that, on average, each infected individual is transmitting the infection to precisely one other person. At this
point, the epidemic is in a state of equilibrium, neither growing nor declining; Ry = 1 serves as a critical point that delineates whether the
epidemic is self-sustaining or likely to drop.

Now, we have successfully established all the analytical frameworks. Consequently, Equations (1.1)-(3) can be numerically solved using the
explicit finite difference method. The results of this numerical solution will be presented and discussed in the following section. Initially, we
assumed a set of initial values where S(0) ~ 1.0, L(0) ~ 0.0, I(0) ~ 0.0, V(0) ~ 0, and R(0) = O for each season. Additionally, for the
behavioral dynamics, we set x, (0) = 0.1 and x_1 (0) = 0.1 as the starting values for each episode.

3. Result and discussion

Our research explores the combined effects of vaccination and lockdown policies on epidemic dynamics using a sophisticated
model, shedding light on the role of human behavior and other critical factors in shaping the outcomes. In the proposed model, SLIVR
operates on a set of nonlinear equations that converge to an equilibrium state when provided with appropriate baseline values for the
parameters. The model utilizes the finite difference method implemented in C++ and Python to calculate these nonlinear differential
equations. This model is used in the framework of evolutionary game theory and epidemic modeling, displaying the results using line
graphs and 2D heatmaps. The primary focus of this investigation was on two proactive policies: vaccination and lockdown. Human
behavior plays a crucial role in determining the effectiveness of these policies, depending on factors such as vaccination and lockdown
costs, vaccine efficiency, government interventions, and infection rates. To ensure a comprehensive analysis, we carefully considered
various relevant factors. In the first scenario, we presented line graphs depicting the impact of vaccination game and without lockdown
game, lockdown game and without vaccination game, and combined vaccination and lockdown game. These graphs illustrate the
dynamics of infected individuals under different policy combinations. The second scenario involved several two-dimensional heat-
maps, visualizing the societal policy impact regarding final epidemic size (FES), vaccine coverage (VC), and Lockdown persons (LP).
Quantitatively measuring the impact of vaccination and lockdown policies on epidemic dynamics involves assessing key metrics such
as infected individuals over time, final epidemic size (FES), vaccine coverage (VC), lockdown persons (LP), and average social payoff
(ASP). Tracking these metrics helps evaluate the effectiveness of interventions by comparing infection trajectories, determining the
overall burden of the disease, and understanding societal benefits. By changing these two factors, we can analyze the potential out-
comes and implications for the population. Throughout our study, we ensured that the model’s outcomes remained positive and
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bounded for the finite population N(t)( = 1). We also thoroughly examined the local of the model, as well as its reproduction rate. For
simulations without a vaccination strategy, the selected infection and recovery rates were designed to yield a basic reproductive
number R, = 2.5 [67]. The impact of vaccination and lockdown policies was measured by evaluating vaccination coverage and
lockdown person coverage at the steady state when t— oo (considered 2000 days). Vaccination coverage indicates the proportion of the
population vaccinated at this equilibrium point. Similarly, lockdown person coverage reflects the number of individuals adhering to
lockdown measures, such as social distancing and stay-at-home orders, at this steady state.

In Fig. 2, we present the variation in the number of infected individuals over time in panels (a-*) and Panel (b-*). In Panel (a-*), we
illustrate the impact of different vaccine costs, represented by C, values of 0.1 (black curve), 0.5 (green curve), and 0.9 (red curve),
while considering various vaccine efficiencies denoted by 5 values of 0.1, 0.5, and 0.9, respectively. On the other hand, Panel (b-*)
showcases the influence of different vaccine efficiencies, indicated by 7 values of 0.1 (black curve), 0.5 (green curve), and 0.9 (red
curve), while accounting for distinct vaccine costs denoted by C, values of 0.1, 0.5, and 0.9, respectively. These graphs visually
represent how the number of infected individuals changes over time when the model parameters, such as vaccine costs and vaccine
efficiency, are varied. By examining these plots, we can gain insights into the effects of different vaccination strategies on the dynamics
of the epidemic.

Panel (a-*) presents the relationship between vaccination costs and effectiveness without a lockdown. When the vaccine efficacy is
relatively low (4 = 0.1) in Panel (a-i), the percentage of affected individuals remains consistently high, at approximately 23 9%,
regardless of the vaccine cost. In contrast, for medium vaccine efficacy (y = 0.5) in Panel (a-ii), the percentage of affected individuals
decreases to around 8.8 %, 7.6 %, and 6.4 % for different vaccine costs (Cy = 0.9,0.5,0.1) respectively. Additionally, in Panel (a-iii),
where vaccine efficacy is high ( = 0.9), the percentage of affected individuals is significantly lower, at approximately 0.89 %, 0.82 %,

0.3 0.25
e | n=01 wl c,=0.1
T 02 — [ (c,=0.1) g | —1(=0.1)
S oas f — I(cy=0.5) 9 ' —1(n=0.5)
€ o1l — 1(c,=0.9) € o —1(=0.9)
005 . 0.05 )
. (&) . (b-i)
0 20 0 60 80 100 0 20 0 60 80 100
Time(days) Time(days)
0.1 025
n=0.5 c,=0.5
0.075 | l(c.=0.1 02
g = [ (c,=0.1) —— —i(n=0.1)
£ oo | — 1(c,=0.5) s —1(3=0.5)
£ — 1(c,=09) g o1y —1(=0.9)
E— =
0.025 = 605 |
a-ii b-ii
. (a-ii) . (b-ii)
0 20 20 60 80 100 0 20 a0 60 80 100
Time(days) Time(days)
0.01 025 - 0
- c,=0.9
n-= 0.9 02 v
00075 — 1(c,=0.1) ® o0s | ==i{g=01)
° §o. il 9] —1(n=0.5)
£ 0005 | = 1(¢,=0.5) g 041 —1(1=0.9)
HE = 1(c,=0.9) =
= 0.0025 0.05 (b iii)
(a-iii) 0 .
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0 20 40 60 80 100
Ti d
Time(days) b i o]

Fig. 2. Vaccination game and without lockdown game. The change in the number of infected people with respect to time is being presented in
panel (a-*) for different vaccine costs C, = 0.1 (black), 0.5 (green), and 0.9 (red) respectively in terms of different vaccine efficiency y = 0.1,0.5,
and 0.9, respectively. Panel (b-*) also display for distinct vaccine efficiency n = 0.1 (black), 0.5(green), and 0.9(red) respectively in terms of
different vaccine costs C, = 0.1, 0.5, and 0.9 respectively. As the efficacy of vaccines increases, infections decrease. Conversely, the incidence of
infection rises proportionally with the cost of vaccines. The remaining parameter values are infection rate § = 0.833, recovery rate y = 0.333,
proportionality constant of lockdown to susceptible Iy = 0.01, and the balance constant from individual to rate is = 0.2.



A. Chakraborty and K.M.A. Kabir Heliyon 10 (2024) 32308

and 0.77 % for different vaccine costs (Cy = 0.9,0.5,0.1) respectively. Above mentioned outcome indicates that higher vaccine ef-
ficacy leads to greater participation in vaccination programs, resulting in lower infection rates. Therefore, one of the main advantages
of vaccine effectiveness is its potential to reduce the spread of the disease. However, it is essential to consider the impact of other
variables, such as vaccine cost, on vaccine effectiveness. As vaccination costs increase, fewer people may be able to afford the vaccine,
which can lead to a higher infection rate. The public’s response to vaccination depends on the affordability of the vaccine, leading to
two scenarios: either more people choose to get vaccinated, or fewer people participate in vaccination programs due to cost con-
straints. By comparing Panel (a-i) for = 0.1, Panel (a-ii) for = 0.5, and Panel (a-iii) for = 0.9, it becomes evident that infection
rates decrease with higher vaccine efficacy. Therefore, the findings emphasize the importance of considering vaccine effectiveness and
cost when designing and implementing vaccination strategies to combat diseases effectively. Higher vaccine efficacy can play a sig-
nificant role in reducing infection rates. Still, making vaccines more affordable is equally crucial to encourage broader participation in
vaccination programs and achieve better disease control.

Panel (b-*) demonstrates the relationship between vaccination costs and effectiveness without a lockdown. When vaccination costs
are lower (Cy = 0.1), the number of infected individuals in Panel (b-i) is 23 %, 6.4 %, and 0.77 % for different vaccine efficacies (n =
0.1,0.5,0.9), respectively. Similarly, in Panel (b-ii) with medium vaccination costs (Cy = 0.5), the number of infected individuals is 23
%, 7.6 %, and 0.82 % for different vaccine efficacies (5 = 0.1,0.5,0.9) respectively. Finally, in Panel (b-iii) with higher vaccination
costs (Cy = 0.9), the number of infected individuals is 23 %, 8.8 %, and 0.89 % for different vaccine efficacies (4 = 0.1,0.5,0.9)
respectively. As the vaccine costs increase, people show less interest in getting vaccinated, resulting in a gradual rise in the infection
rate. Conversely, when vaccination costs decrease, more people opt for vaccination, decreasing the infection rate. Comparing panels

0.0075 ooor [
4=0.1 0.006 | =01
o o005 | —1 (C;=0.) < 0005 —i1(4=0.1)
§ w—| (C;=0.5) E 0.004 | —1(A=0.5)
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Fig. 3. Lockdown game and without Vaccination game. The change in the number of infected people with respect to time is being presented in
panel (a-*) for different lockdown costs C; = 0.1 (black), 0.5(green), and 0.9(red) respectively in terms of different government force values A = 0.1,
0.5, and 0.9 respectively. Panel (b-*) also display for distinct government force values A = 0.1 (black), 0.5(green), and 0.9(red) respectively in terms
of different lockdown costs C; = 0.1, 0.5, and 0.9 respectively. Infections decrease with heightened government enforcement, while conversely, the

frequency of infection rises in correlation with the cost of implementing lockdown measures. The remaining parameter values are infection rate =
0.833, recovery rate y = 0.333, proportionality constant of lockdown to susceptible [y = 0.01, and the balance constant from individual to rate is =
0.2.
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(b-i), (b-ii), and (b-iii) for different vaccination costs (Cy = 0.1,0.5,0.9) and vaccine efficacies (y = 0.1,0.5,0.9) respectively, it be-
comes evident that infection rates tend to decrease when vaccination costs are lower. When comparing Panel (a-*) and Panel (b-*), it is
noticeable that both high vaccine efficiency and low vaccine costs are very crucial for reducing infection, but efficiency is more crucial
than cost (Specifically, comparing panels (a-iii) and panels (b-i)). Thus, the relationship between vaccination costs, vaccine efficiency,
and the dynamics of infected individuals over time highlights the critical interplay between these factors in controlling an epidemic.
Higher vaccine efficiency significantly reduces infection rates, as shown by the lower percentages of infected individuals across all cost
scenarios. Conversely, lower vaccination costs promote greater public participation in vaccination programs, reducing infection rates.
Thus, while vaccine efficiency is crucial in minimizing the spread of the disease, making vaccines affordable is equally important to
ensure widespread vaccination and achieve effective disease control.

In Fig. 3, we examine the variation in the number of infected individuals over time for different lockdown costs (C; = 0.1,0.5,0.9)
concerning various government force values (A = 0.1,0.5,0.9) in Panel (a-*). Additionally, Panel (b-*) displays the impact of distinct
government force values (A = 0.1,0.5,0.9) concerning different lockdown costs (C; = 0.1,0.5,0.9). We use Panel (a-*) to assess the
effect of lockdown on the pandemic without considering vaccination. When the government force is lower (A = 0.1) in Panel (a-i), the
percentage of infected individuals is approximately 0.6 %, 0.58 %, and 0.56 % for different lockdown stay costs (C; = 0.9,0.5,0.1),
respectively. For medium government force (A = 0.5) in Panel (a-ii), the percentage of infected individuals is around 0.49 %, 0.48 %,
and 0.48 % for different lockdown costs (C; = 0.9,0.5,0.1) respectively. Finally, with higher government force (A = 0.9) in Panel (a-
iii), the percentage of infected individuals remains at approximately 0.43 % for any rate of lockdown cost (C; = 0.9,0.5,0.1). When the

0.015 0.015

n=0.1A4=0.1 ¢,=0.1,¢;=0.1

X s : ; 0.012

0012 — 6 =0.1,6,=09 —7=0.1,4=0.9
- -}
©0.009 | @ 0.009
E - ,=0.5C=05 E —1=05A4=0.5
‘£0.006 | ‘E 0.006

— €, =0.9.¢,=0.1

0.003 0.003

0 o 2 i 1]
0 20 40 60 80 100 0 20 a0 60 80 100
Time(days) Time(days)
0.015 0,015
7=0.54=05 €, =0.5C,=0.5

0012 | —_—C,=0.1,¢,=0.9 OLE —1=0.1,A=0.9
B0.009 } " 0.009
E — . =05 =05 b+ —1] =0.5,A=0.5
E 0.006 F % 0.006

= =0.9.0,=01 —7=09A4=0.1

0.003 | 0.003
. /\ ) . . (a-ii) (b-ii)

0
0 20 40 60 80 100 0 20 40 60 80 100
Time(days) Time(days)
0.015 0.015
i=09,4=10.9 €,=0.9,¢,=0.9
0.012 | . . 0.012
—_C,=0.1,;=0.9 —n=01A4A=09
20009 © 0.009
s = €,=0.5(,=05 ] —1=0.5A4=0.5
£ 0.006 £ 0.006
o U " . n o U
= = G =09.0=01 = —n=094=01
0.003 } 0.003
f\_‘ (a-iii) b-iii
. o . — (beiti)
1] 20 40 &0 20 100 0 20 40 &0 20 100
Time(days) Time(days)

Fig. 4. Vaccination and Lockdown game The change in the number of infected people with respect to time is being presented in panel (a-*) for
different lockdown costs C; = 0.1 (black), 0.5(green), 0.9(red) and together with different vaccine costs C, = 0.1 (black), 0.5(green), 0.9(red)
respectively in terms of different vaccine efficiency # = 0.1, 0.5, and 0.9 respectively and also different government force values A = 0.1, 0.5, and
0.9 respectively. Panel (b-*) also display for distinct vaccine efficiency 7 = 0.1 (black), 0.5(green), 0.9(red) and together with distinct government
force values A = 0.1 (black), 0.5(green), 0.9(red) respectively in terms of different vaccine costs C; = 0.1, 0.5, and 0.9 respectively and also different
vaccine costs C; = 0.1, 0.5, and 0.9 respectively. Infections diminish as vaccine efficiency and government enforcement increase. Conversely, the
incidence of infection escalates with the cost of vaccines and lockdown. The remaining parameter values are infection rate g = 0.833, recovery rate
y = 0.333, proportionality constant of lockdown to susceptible [y = 0.01, and the balance constant from individual to rate is = 0.2.
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government imposes a strict lockdown with higher force (A = 0.9), people are compelled to adhere to all rules strictly, reducing
contact with others and thus a decrease in infection rates. On the contrary, with lower government force, the impact of the lockdown
on reducing infections is relatively less significant. Comparing panels (a-i), (a-ii), and (a-iii) for different government force levels (A =
0.1,0.5,0.9) respectively, it becomes evident that infection rates decrease when the government imposes a lockdown more strictly;
indicating the crucial role of stringent government measures in controlling the spread of the pandemic during periods without
vaccination.

When we compare panels (b-i), (b-ii), and (b-iii) in Fig. 3 for different lockdown costs (C; = 0.1,0.5,0.9), respectively, it becomes
evident that infection rates rise when lockdown costs increase. In other words, as the economic burden of lockdown increases, people
may be less inclined or able to adhere strictly to lockdown measures, resulting in a higher incidence of infection. As the cost of
lockdown increases, people may need help to sustain compliance since they often need to leave their homes for livelihood and essential
needs. Consequently, they encounter others, leading to the spread of the disease and an increase in the fraction of infected individuals.
While lockdowns can effectively control the spread of the disease, excessive economic burden may lead to reduced compliance and,
consequently, a rise in infection rates. Hence, considering the socio-economic implications and providing adequate support during
lockdown periods is crucial to ensure the effectiveness of such measures in curbing the pandemic. When comparing Panel (a-*) and
Panel (b-*), it is noticeable that both high government-imposed interventions and low lockdown costs are very crucial for reducing
infection, but government-imposed interventions is more crucial than cost (Specifically, comparing panels (a-iii) and panels (b-i)).
Without vaccination strategies, higher government force consistently leads to lower infection rates, demonstrating the effectiveness of
strict enforcement of lockdown measures. Conversely, lower government force results in higher infection rates, highlighting the
limited impact of lockdowns without stringent enforcement. Additionally, higher lockdown costs are associated with increased
infection rates due to reduced compliance, as the economic burden discourages strict adherence to lockdown rules. Thus, stringent
government measures are more critical than minimizing lockdown costs in controlling infection rates, underscoring the importance of
robust government intervention and adequate socio-economic support during lockdowns to curb the pandemic effectively.

Fig. 4 shows the overall impact of different interventions, including vaccination and lockdown approaches, on the pandemic. In
Panel (a-*), various scenarios are presented by considering various lockdown costs (C;) and vaccine costs (C,) alongside different
vaccine efficiency (1) and government force values (A). For instance, when vaccine efficiency and government forces are low (n = 0.1,
A =0.1), the percentage of infected people in Panel (a-i) is approximately 1.3 % up for low vaccine cost and high lockdown cost (C, =
0.1, C; = 0.9). Vaccinated people are susceptible to the virus if the vaccination fails to mitigate disease or reduce disease severity.
Despite vaccination attempts, a large section of the population remains at risk of infection. Public health rules, limits, and containment
can reduce infectious disease transmission. Public health efforts like mask laws, social segregation, and gathering limitations may be
hampered by a lack of government enforcement. People and businesses may not follow these protocols without strict regulation, which
would enable the disease to spread. People do not maintain lockdowns due to the expensive cost of it. So, the disease spreads widely.
However, due to the low cost of vaccines, people are interested in taking vaccines for which the disease reduces lightly compared to
other situations. The number of infected people reduces to below 1.2 % when lockdown and vaccine costs both are moderate (C, =
0.5, C; = 0.5). The number of infected people reduces to below 1.0 % when lockdown costs are low and vaccine costs are high (C, =
0.9, C; = 0.1). Authorities may be able to impose a longer and more comprehensive lockdown due to lower costs. Tighter restrictions
on travel, gatherings, and unnecessary activities might reduce the transmission of viruses. Because lockdown techniques have less
negative social and economic effects, people and businesses may find them more acceptable. Increased adherence to preventive
strategies, including wearing masks, keeping social distance, and staying indoors, may significantly reduce the spread of viruses.
Reducing lockdown expenses might free up finances for evaluating accessibility, capacity, and improvements to the healthcare system.
This reduces infection rates by enabling early case detection, isolation, and medical care. Lower lockdown costs might be achieved by
implementing financial assistance, healthcare, and food security programs for underprivileged areas. In impoverished communities,
this reduces the risk of infection and socioeconomic disparities. On the other hand, herd immunity may not be achieved due to high
vaccination costs. The virus may spread and infect susceptible people in the absence of herd immunity, which raises the infection rate.
On the other hand, when vaccine efficiency and government forces are moderate (y = 0.5, A = 0.5), the percentage of infected people
in Panel (a-ii) reduces to below 0.4 % for different lockdown and vaccine costs (Cy = 0.1, C; = 0.9), (C, = 0.5,C; = 0.5), and (C, =
0.9,C; = 0.1) respectively. Finally, when vaccine efficiency and government forces are high (5 = 0.9, A = 0.9), the percentage of
infected people in Panel (a-iii) drops significantly to below 0.3 % for any rate of lockdown and vaccine cost. In this scenario, people
strictly adhere to lockdown measures, minimize contact with others, and show a strong interest in vaccination, leading to the
development of immunity over time. As a result, infection rates remain low. Finally, comparing panels (a-i), (a-ii), and (a-iii) for
different levels of vaccine efficiency and government force (y =0.1,A =0.1),(# =0.1,A =0.5),and (y =0.9,A = 0.9) respectively,
we observed that infection decreases when the government imposes stricter lockdown measures and vaccine efficiency is higher;
whether vaccine cost and lockdown cost are high or low is irrelevant, because people are getting effective immunized, and they are
forced to maintain lockdown properly.

In (b-*), when the costs of vaccines and lockdown rise the infection rises slightly compared to others. The infection is very high
when vaccine efficiency is minimal but government enforcement is maximal ( = 0.1, A = 0.9). Conversely, the infection is low when
vaccine efficiency is maximal, but government enforcement is minimal (5 = 0.9, A = 0.1). Affordable vaccine and lockdown costs
encourage more people to participate and receive vaccinations, resulting in lower infection rates. However, when the costs of
vaccination and lockdown increase simultaneously, people may delay getting vaccinated and not adhere to the lockdown measures,
leading to a loss of immunity and broader disease spread. Comparing panels (b-i), (b-ii), and (b-iii) for different vaccine costs and
lockdown costs (C, = 0.1,C; = 0.1), (C, = 0.5,C; = 0.5), and (C, = 0.9,C; = 0.9) respectively, we observed that infection rates
decrease when both vaccine costs and lockdown costs are affordable.
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Now, we present findings as 2D phase diagrams in Figs. 5-7, focusing on the equilibrium point determined by lockdown (C;) and
vaccine cost (C,) parameters. These diagrams provide insights into the underlying social issues related to vaccination and lockdown
strategies in controlling the epidemic. Here, Figs. 5-7 present the final epidemic size (FES), vaccination coverage (VC), and the number
of people under lockdown (LP). In panels (*-i), (*-b), and (*-c), we examine the effects of varying the government force rateatA = 0.1,
A =0.5,and A = 0.9, respectively. Conversely, in the first, second, and third rows, we explore the outcomes of adjusting vaccination
efficiency, withn = 0.1, 7 = 0.5, and = 0.9, respectively, as shown in panels (a-*), (b-*), and (c-*). These phase diagrams provide a
comprehensive view of how different combinations of government force rate and vaccination efficiency impact the final epidemic size
(FES), vaccination coverage (VC), and the extent of lockdown participation (LP), shedding light on the complex social dynamics in the
vaccination and lockdown strategies.

Based on our chosen criteria, we can identify four distinct policy zones with specific parameter combinations: Zone (i) represents a
scenario where no effective policy is in place, characterized by a low government force rate (A = 0) and low vaccination efficiency (n =
0.1). Zone (ii) depicts an effective vaccine policy with different levels of vaccination efficiency (n = 0.5, and 0.9) but without
implementing lockdown measures (A = 0). Zone (iii) corresponds to an effective lockdown policy with various levels of government
force rate (A = 0.5, and 0.9) but without significant vaccination efforts ( = 0.1). Finally, Zone (iv) illustrates an effective joint policy
involving vaccination and lockdown measures. This Zone has different combinations of moderate to high government force rate (A =
0.5, and 0.9) and moderate to high vaccination efficiency (; = 0.5, and 0.9). Each of these four control policies is autonomously
determined through human decision-making by the governing authority, depending on the prevailing epidemic circumstances.
However, a social dilemma arises among the exposed population as they must grapple with whether to undergo lockdown, vaccination,
or both, considering the implications for their health and well-being. It is observed that the final epidemic size (FES) is generally on the
rise as the costs of implementing vaccination (C,) and lockdown (C;) increase. Conversely, the FES decreases as the vaccination ef-
ficiency (1) and government force rate (A) increase, suggesting that higher vaccination rates and more vigorous enforcement of
lockdown measures can reduce the overall number of infected individuals during the epidemic. Thus, the phase diagrams and policy
zones provide valuable insights into the dynamics of human decision-making and the complex interplay between vaccination and
lockdown strategies in managing epidemics.

In Panel 5(a-i), we can observe that infection levels are lower than in other scenarios when lockdown expenses are low. People tend
to prefer lockdown measures over vaccination due to the lower costs associated with lockdowns, and they may also need clarification
about the effectiveness of vaccination. However, as lockdown and vaccine costs increase, we see a rise in infection rates. This is because
people might refuse vaccinations and fail to adhere to strict lockdown participation, leading to a larger epidemic size. Moving on to
panels 5(b-i), we can see that when the costs of lockdown and vaccination are minimal, the infection rate remains relatively low for
some time because people actively participate in both lockdowns and vaccinations. However, as the costs of these measures increase,
the infection rate also starts to rise. In panels 5(a-iii), 5(c-i), and 5(c-iii), we observe the implementation of a full-scale effective
lockdown policy, effective vaccine policy, and a combination of both under varying conditions.

Surprisingly, in panels 5(a-ii) and 5(a-iii), we notice that infection rates are high even when vaccination costs are low. This is
because people may still fall sick despite taking ineffective vaccines (# = 0.1). In other words, the vaccines used in these scenarios may
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Fig. 5. The final epidemic size (FES) is depicted as a 2D heatmap via changing two factors: the cost of lockdown (C;) on the x-axis and the cost of
vaccination (C,) on the y-axis. The first, second, and third rows in this figure indicate the outcome of changing the vaccination efficiency for (a-*)
n=0.1, (b-*) n=0.5, and (c-*) n = 0.9. Along with that, the first, second, and third columns indicate the outcomes of adjusting the government
force rate: (*-i) A = 0.0, (*-ii) A = 0.5, and (*-iii) A = 0.9. The ultimate size of the epidemic is highest when vaccine efficacy is insufficient and
there is a lack of government enforcement. Conversely, the final scale of an epidemic is reduced when vaccines demonstrate high efficacy, coupled
with the peak level of government enforcement. The remaining parameter values are infection rate g = 0.833, recovery rate y = 0.333, ¢; = 0.5,
and the balance constant from individual to rate is = 0.2.
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Fig. 6. The Vaccine Coverage (VC) is depicted as a 2D heatmap via changing two factors: the cost of lockdown (C;) on the x-axis and the cost of
vaccination (C,) on the y-axis. The first, second, and third rows in this figure indicate the outcome of changing the vaccination efficiency for (a-*)
n=0.1, (b-*) = 0.5, and (c-*) n = 0.9. Along with that, the first, second, and third columns indicate the outcomes of adjusting the government
force rate: (*-i) A = 0.0, (*-ii) A = 0.5, and (*-iii) A = 0.9. When there is no government enforcement and vaccine efficacy is at its maximum,
vaccination coverage reaches its peak. Conversely, with minimal government enforcement and low vaccine efficacy, the ultimate level of vaccine
coverage is reduced. The remaining parameter values are infection rate § = 0.833, recovery rate y = 0.333, ¢; = 0.5, and the balance constant from
individual to rate is = 0.2.
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Fig. 7. The Lockdown Persons (LP) is depicted as a 2D heatmap via changing two factors: the cost of lockdown (C;) on the x-axis and the cost of
vaccination (C,) on the y-axis. The first, second, and third rows in this figure indicate the outcome of changing the vaccination efficiency for (a-*)
n=0.1, (b-*) = 0.5, and (c-*) n = 0.9. Along with that, the first, second, and third columns indicate the outcomes of adjusting the government
force rate: (*-i) A = 0.0, (*-ii) A = 0.5, and (*-iii) A = 0.9. The influence of vaccine efficacy on the number of individuals subjected to lockdown is
insignificant. Without government enforcement, the count of individuals in lockdown is minimal. Conversely, under the highest degree of gov-
ernment enforcement, the ultimate levels of lockdown reach their peak. The remaining parameter values are infection rate g = 0.833, recovery rate
y =0.333, ¢; = 0.5, and the balance constant from individual to rate is = 0.2.

not provide sufficient protection against the infection, leading to higher transmission rates. We can see that the pure-effective vaccine
policy (panel (5(c-i))) more effectively works to suppress disease than the pure-effective lockdown policy (panel (5(a-iii))). Still, we
observed that the medium effective lockdown policy generates reduced FES as compared to the medium effective vaccine policy (see
panels (5(a-ii))) compared with (5(b-i))) because the government forces to maintain lockdown (A = 0.5), vaccine efficiency low (5 =
0.1). Still, it is better than zero, so they stay in lockdown and then take the vaccine, which causes less infection than (b-i). When
vaccine efficiency is medium (3 = 0.5), and the government does not force (A = 0), people take the vaccine and do not maintain
lockdown, which causes more infection when compared to (a-i). Both perform better than the default case (panel (5(a-i))) anyway.
Only lowered FES is attained for stringent government force and high vaccine efficiency; people are taking a vaccine for high vaccine
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efficiency and maintaining lockdowns for imposing strict government forces. At this point, cost, whether high or low, is irrelevant. As a
result, infection is reduced. So, when an effective join policy is applied, FES is almost zero (Panels 5(b-ii), 5(b-iii), 5(c-ii), and 5(c-iii)).

Decreasing the vaccination cost at higher vaccine efficacy by imposing a 50 % lockdown (¢; = 0.5) causes less infection, meaning
individuals are encouraged to vaccinate, and infection levels become less. VC, another important evolutionary parameter that mea-
sures the level of vaccination required to control a particular epidemic disease, provides a brief idea of the individual’s vaccination
behavior. When the cost of lockdown rises, and the price of vaccination falls, luring the person to receive the vaccine and boosting the
VC when the vaccination effectiveness is high.

The study found that the highest vaccine coverage (VC) was observed when there was no government-mandated lockdown (A =
0.0), and the vaccine efficacy was high (1 = 0.9). When the government didn’t enforce lockdown measures, people preferred getting
vaccinated overstaying in lockdown, especially when the vaccine was highly effective. In Panel 6(a-i), we see a decrease in vaccination
coverage when no effective government policies were in place to control the pandemic, essentially representing a default scenario.
Surprisingly, vaccination coverage increased temporarily when the cost of lockdown measures was minimal, and the government
didn’t enforce lockdown (A = 0.0). This suggests that people were more inclined to opt for vaccination when they didn’t want to be in
lockdown. However, vaccination coverage decreased with higher vaccine and lockdown costs. In summary, Panels 6(a-iii), 6(c-i), and
6(c-iii) illustrate the effects of different policies in controlling the pandemic. Panel 6(a-iii) represents the full-scale implementation of
an effective lockdown policy, 6(c-i) represents an effective vaccine policy, and 6(c-iii) means the combination of both effective policies,
all examined under varying conditions.

Our observations reveal that a more effective vaccine policy results in the highest vaccination coverage (VC) compared to a more
effective lockdown policy, as evident when comparing panels 6(c-i) to 6(a-iii). This difference arises because, in an effective lockdown
policy, individuals enter lockdown and become susceptible before getting vaccinated, mainly if the vaccine’s efficacy is low (7 = 0.1).
In contrast, an effective vaccine policy encourages people to take the vaccine more willingly. However, both approaches outperform
the default scenario in panel 6(a-i).

Furthermore, a combined effective policy, as seen in panel 6(c-iii), generates higher VC than the more effective lockdown policy (6
(a-iii). Interestingly, we observed that the more effective vaccine policy (panel 6(c-i)) produces higher VC compared to the combined
effective policy (6(c-iii)). This is because the effective vaccine policy does not involve government enforcement, allowing people to
choose vaccination over lockdown. In contrast, the combined approach requires individuals to go into lockdown and take the vaccine
simultaneously, resulting in lower vaccination coverage (VC). Therefore, the more effective vaccine policy performs better in such
conditions. Vaccination coverage remains unchanged with varying lockdown costs, but it decreases when vaccine costs rise, indicating
that people are less likely to get vaccinated when the price is higher. VC increases when vaccine efficacy is high, and vaccine costs are
low. In cases of maximum vaccine efficiency, most individuals opt for vaccination to avoid infection when the vaccination cost is low,
even if higher government enforcement is in place. Consequently, VC is influenced by changes in vaccine efficiency.

In Fig. 7, when the cost of vaccinations increases and the cost of lockdowns decreases, it prompts individuals to opt for lockdowns,
leading to an increase in Lockdown Participation (LP). When comparing the scenarios of having no effective policy and an effective
vaccine policy, the number of people in lockdown decreases (Panel *-i). This is because, in a typical lockdown, the government doesn’t
enforce strict measures but instead encourages people to voluntarily participate to understand the situation while allowing them to
continue their essential activities. This approach helps prevent the negative impacts of lockdowns on people’s daily lives and the
economy. Therefore, people are more inclined to enter lockdown when the cost is low, but they are less interested in remaining in
lockdown when the cost of living rises and job opportunities become scarce.

When examining the impact of an effective lockdown policy and a comprehensive joint policy, we observe an increase in the
number of people under lockdown, as indicated in Panels (*-ii) and (*-iii). In a medium-type lockdown imposed by the government,
individuals are expected to stay in lockdown. However, they can still venture outside to perform essential tasks while adhering to
relevant regulations and safety measures. However, when people recognize that vaccines are highly effective and cost-effective, they
opt for vaccination over other options, resulting in a reduction in Lockdown Participation (LP) during this period. Nevertheless, as
vaccination costs rise, people become more inclined to remain in lockdown, increasing LP (Panel *-ii). In the case of a high-type
lockdown, the government enforces strict restrictions, prohibiting people from leaving their homes for work. The government pro-
vides households with essential items such as food and medicine, making living expenses irrelevant. Individuals have no choice but to
continue adhering to the lockdown under these stringent conditions. Consequently, the number of people remaining in lockdown (LP)
increases when government restrictions are at their highest. Therefore, we observe that an effective lockdown and join policies are
better than an effective vaccine policy in such situations. When government force is high (A = 1.0), LP is increased. But when the
government does not force (A = 0), LP Is almost zero. By comparing Figs. 6 and 7, the results show some exciting phenomena when the
government force is high, and the vaccine efficacy is higher. Although it’s expected that lower vaccine cost attracts people to get
vaccinated, our results show a distinct tendency when both vaccine and lockdown are considered. If government force is higher,
irrespective of lower vaccine costs, people are likelier to stay on lockdown rather than take vaccines.

Therefore, determined by varying lockdown and vaccine cost parameters significantly impact long-term policy effectiveness. High
lockdown costs result in lower adherence and infection rates, whereas lower vaccine costs boost vaccination coverage and reduce
disease transmission. These findings underscore policymakers’ need to minimize the economic burdens of lockdowns and vaccines to
improve compliance and vaccination rates, thereby enhancing epidemic control and management. Higher government force leads to
increased lockdown participation (LP) as people are compelled to comply with strict measures. Conversely, when vaccine efficacy is
high, and vaccination costs are low, vaccination coverage (VC) increases significantly, especially in the absence of government-
mandated lockdowns. People prefer vaccination to avoid the economic and social burdens of lockdowns. However, when vaccine
and lockdown costs are high, individuals opt for lockdown measures. The interplay of these factors shows that effective vaccine
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policies are critical for maximizing VC, while stringent lockdown measures effectively increase LP, highlighting the need for balanced,
cost-effective interventions to manage epidemics effectively.

Now, For Lockdown (¢ = 1) and without Lockdown (¢ = 0) , we present findings as 2D phase diagrams in Figs. 8, 9, 10, and 11
focusing on the equilibrium point determined by vaccine efficiency (1) and transmission rate () parameters. These diagrams provide
insights into the underlying social issues related to vaccination and lockdown strategies in controlling the epidemic. Here, Figs. 8-11
present the final epidemic size (FES), vaccination coverage (VC), the number of people under lockdown (LP), and the average social
payoff (ASP). In panels (*-i), (*-b), and (*-c), we examine the effects of varying the lockdown costsrate at C; = 0.1, C; = 0.5,and C; =
0.9, respectively. Conversely, in the first, second, and third rows, we explore the outcomes of adjusting vaccination costs, with C, =
0.1, C, = 0.5, and C, = 0.9, respectively, as shown in panels (a-*), (b-*), and (c-*). These phase diagrams provide a comprehensive
view of how different combinations of lockdown costs rate and vaccination costs impact the final epidemic size, vaccination coverage,
and the extent of lockdown measures, shedding light on the complex social dynamics in the vaccination and lockdown strategies.

In Fig. 8, for the government enforces a normal-type lockdown (¢; = 1,A = 0.1), we observe no lockdown and vaccine costs
change. When the disease transmission rate is low, the disease does not spread significantly, even if people encounter infected in-
dividuals. During this period, the efficiency of the vaccine, whether high or low, has little impact on the infection rate. However, as the
disease transmission rate increases, infections rise, but they decrease with high vaccine efficiency. This is because a vaccine with 100 %
efficiency effectively immunizes individuals, preventing them from getting infected when in contact with the disease. Conversely,
when the government imposes a strict-type lockdown (¢; = 1,A = 0.9), infections are more prevalent in section A than in section B.
This is because people strictly adhere to the lockdown measures in section B. On the contrary, if the government lifts the lockdown
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Fig. 8. The final epidemic size (FES) is depicted as a 2D heatmap via changing two factors: the infection rate () on the x-axis and the vaccine
efficiency rate (i) on the y-axis. The first, second, and third rows in this figure indicate the outcome of changing the vaccination cost for (a-*) C, =
0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and third columns indicate the outcomes of adjusting the lockdown cost:
(*-i) ¢ = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. Without the implementation of a lockdown, the epidemic attains its highest magnitude. In
contrast, the maximum magnitude of an epidemic is diminished when there is heightened government enforcement and the imposition of lockdown
measures. The remaining parameter values are = 0.833, recovery rate y = 0.1, ¢; = 0.5, and the balance constant from individual to rate is =
0.2.
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Fig. 9. The Vaccine Coverage (VC) is depicted as a 2D heatmap via changing two factors: the infection rate (f) on the x-axis and the vaccine ef-
ficiency rate () on the y-axis. The first, second, and third rows in this figure indicate the outcome of changing the vaccination cost for (a-*) C, =
0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and third columns indicate the outcomes of adjusting the lockdown cost:
(*-) G = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. The highest level of vaccination coverage is achieved when vaccine efficacy is at its peak and there
is no implementation of a lockdown. Conversely, increased government enforcement and the imposition of a lockdown lead to a reduction in the
overall level of vaccine coverage. The remaining parameter values are recovery rate y = 0.1, and the balance constant from individual to rate is =
0.2.

entirely (¢; = 0), infections increase regardless of the force applied, high or low. In this scenario, the FES (Force of Effective Safety) has
a more significant impact on increasing infections than the various lockdown situations.

Fig. 9 examines the impact of government policies and disease transmission rates. A distinctive pattern emerges when a normal-
type lockdown is imposed (¢; = 1,A = 0.1). Initially, when the disease transmission rate is low, individuals are inclined to get
vaccinated as they prefer a regular, unrestricted life. Consequently, vaccine coverage (VC) increases. However, as the transmission rate
escalates, infections rise, and people become more interested in entering lockdown, decreasing vaccine coverage. Additionally, vaccine
coverage increases when the vaccine efficiency increases, encouraging more people to get vaccinated.

In contrast, when the government enforces a strict lockdown (A = 0.9), vaccine coverage is lower in section B compared to section
A because people are compelled to adhere to the strict lockdown measures in section B. When the government withdraws the lockdown
(¢; = 0), people revert to a susceptible state, and their interest in vaccination increases significantly when vaccine costs are reduced.
They seek to regain their unrestricted way of life, resulting in higher vaccine coverage when there is no lockdown. In Fig. 10, the
influence of government-imposed lockdowns is explored. When a lockdown is in effect (¢; = 1), more individuals opt for lockdown,
and the number of people in lockdown (LP) increases, especially when lockdown costs are low, and government enforcement is
stringent. Conversely, when the government lifts the lockdown (¢; = 0), people are not inclined to enter lockdown, resulting in LP
being equal to zero.

In summary, varying lockdown and vaccination costs significantly influence final epidemic size (FES), vaccination coverage (VC),
the number of people under lockdown (LP), and average social payoff (ASP). Lower vaccination costs and higher vaccine efficacy
increase VC, reducing the FES. Conversely, higher lockdown costs discourage adherence, increasing the FES. Strict lockdowns with low
costs result in higher LP, whereas lifting lockdowns or increasing their costs reduces LP to zero. These dynamics highlight the need for
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Fig. 10. The Lockdown Persons (LP) is depicted as a 2D heatmap via changing two factors: the infection rate () on the x-axis and the vaccine
efficiency rate (i) on the y-axis. Here, Panel A and Panel B present for ¢; = 1 and ¢; = 0, respectively. The first, second, and third rows in this figure
indicate the outcome of changing the vaccination cost for (a-*) C, = 0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and
third columns indicate the outcomes of adjusting the lockdown cost: (*-i) C; = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. Increased government
enforcement leads to the enforcement of a lockdown, resulting in the highest percentage of individuals under lockdown. Conversely, when a
lockdown is not in effect, the proportion of individuals subjected to lockdown is low. The remaining parameter values are recovery rate y = 0.1, and
the balance constant from individual to rate is = 0.2.

cost-effective vaccination and balanced lockdown policies to optimize ASP, ensuring effective epidemic control and minimal societal
disruption.

Finally, in Fig. 11, we present the phase schematic depicting the Average Social Payoff (ASP), illustrating the dynamic interplay of
disease transmission, vaccine efficacy, and the associated costs of vaccination and lockdown measures. The ASP scale is color-coded,
with yellow indicating the maximum social payoff and black representing the minimum. In the scenario without government-imposed
lockdown (¢; = 0), as depicted in Fig. 11(A), low disease transmission results in maximal payoff due to minimal infection. Conversely,
low vaccine effectiveness leads to minimal payoff as immunization is less effective, and individuals may still get infected after
vaccination. Increasing disease transmission reduces payoff due to rising infection rates while enhancing vaccine effectiveness con-
tributes to greater social benefits.

Fig. 11(B) explores the impact of a 50 % lockdown implementation (¢; = 0.5), revealing an improved social payoff compared to
Fig. 11(A). The figure highlights that increasing costs of both lockdown and vaccination diminish social benefits. With a 100 %
lockdown implementation (¢; = 1), Fig. 11(C) demonstrates a further enhanced social payoff compared to Fig. 11(A) and (B). Section
(a-i) exhibits the highest social payoff due to the low costs of the vaccine and lockdown (C; = 0.1,C, = 0.1). In contrast, Section (c-iii)
represents the lowest social payoff attributed to higher lockdown and vaccine costs (C; = 0.9,C, = 0.9). Notably, Section (a-*) shows
lower social benefits than Section (*-i), emphasizing the significant impact of lockdown costs on reducing social payoff. Interestingly,
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Fig. 11. (A). When the government does not impose lockdown (¢; = 0).The Average Social Payoff (ASP) is depicted as a 2D heatmap via changing
two factors: the infection rate (f) on the x-axis and the vaccine efficiency rate (1) on the y-axis. The first, second, and third rows in this figure
indicate the outcome of changing the vaccination cost for (a-*) C, = 0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and
third columns indicate the outcomes of adjusting the lockdown cost: (*-i) C; = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. In the absence of a lockdown,
the optimal average social payoff is attained through affordable vaccines. Conversely, an excessive cost of vaccines diminishes the average social
payoff. The remaining parameter values are recovery rate y = 0.1, the balance constant from individual to rate ism =0.2. and A = 0.5.

Fig. 11(B). When the government imposes 50 % lockdown (¢; = 0.5). The Average Social Payoff (ASP) is depicted as a 2D heatmap via changing two
factors: the infection rate () on the x-axis and the vaccine efficiency rate () on the y-axis. The first, second, and third rows in this figure indicate the
outcome of changing the vaccination cost for (a-*) C, = 0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and third columns
indicate the outcomes of adjusting the lockdown cost: (*-i) C; = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. With the implementation of a 50 %
lockdown, the highest average social payoff is achieved through affordable vaccines and low-cost lockdown measures. Conversely, an excessive
burden of vaccine and lockdown costs reduces the average social payoff. The remaining parameter values are infection rate f = 0.833, recovery rate
y = 0.333, the balance constant from individual to rate is m = 0.2. and A = 0.5.

Fig. 11(C). When the government imposes 100 % lockdown (¢; = 1). The Average Social Payoff (ASP) is depicted as a 2D heatmap via changing two
factors: the infection rate () on the x-axis and the vaccine efficiency rate () on the y-axis. The first, second, and third rows in this figure indicate the
outcome of changing the vaccination cost for (a-*) C, = 0.1, (b-*) C, = 0.5, and (c-*) C, = 0.9. Along with that, the first, second, and third columns
indicate the outcomes of adjusting the lockdown cost: (*-i) C; = 0.1, (*-ii) C; = 0.5, and (*-iii) C; = 0.9. The optimal average social payoff occurs
when a complete 100 % lockdown is enforced and associated with vaccines and lockdowns at lower costs. Conversely, elevated vaccine and
lockdown expenses lead to a reduction in the average social payoff. The remaining parameter values are infection rate § = 0.833, recovery rate y =
0.333, the balance constant from individual to rate is m = 0.2. and A = 0.5.

despite low lockdown costs and increasing vaccine costs in (*-i), there is a limited variation, suggesting people may be less inclined to
maintain lockdown for cost reasons than vaccine costs. This research contributes valuable insights, informing decisions to maximize
health outcomes while minimizing societal and economic disruptions. Elucidating the social impacts of vaccination and lockdown
strategies adds to our understanding of navigating the complex balance between public health and socio-economic considerations.
Thus, low disease transmission leads to maximal social payoff, while low vaccine effectiveness reduces payoff due to ongoing infections
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post-vaccination. Increasing disease transmission diminishes social benefits while enhancing vaccine effectiveness contributes posi-
tively. The analysis underscores the intricate balance between disease control and societal benefits, providing valuable insights for
decision-making in public health policy.

4. Conclusion

This study introduces an SVILR epidemic model that employs the evolutionary game theory conceptual framework to assess the
dynamic interplay between vaccination and lockdown strategies in influencing societal interests concerning disease spread and im-
munity. The modeling process incorporates two behavioral interactions and controllable factors: vaccination costs, efficacy, lockdown
costs, and government interventions on local time scales. The research reveals that reducing vaccine costs and increasing vaccination
efficacy leads to decreased final epidemic size, attributable to heightened vaccination coverage. Similarly, lowering the cost of
lockdown and increasing government enforcement results in a reduced final epidemic size due to increased individuals adhering to
lockdown measures. Notably, a cost-effective approach with high vaccination effectiveness contributes to a rise in the percentage of
vaccinated individuals and a decline in infections.

The findings suggest that, at a reasonable cost and high effectiveness, the combination of proactive vaccination and lockdown
strategies proves more effective in lowering the epidemic size than either strategy alone. The study indicates that, in outbreak areas, a
lockdown policy emerges as a more successful disease prevention measure than a vaccination policy. However, the combined policy
becomes even more advantageous when the epidemic spreads rapidly.

By employing proactive vaccination and lockdown measures, the research seeks to understand public perceptions of over-
vaccination and implement effective tactics to reduce infection spread, ensuring a balanced approach to both beneficial lockdown
and vaccination strategies. The study also presents payoff scenarios for each approach (lockdown or vaccination) in the average social
payoff (ASP) data, providing comprehensive insights into the societal implications of these strategies.
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