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ARTICLE INFO ABSTRACT

Keywords: Subsidy policies have been a common way for governments and health organizations to encourage individuals’
Subsidy policy voluntary vaccination behaviors. However, subsidy policies are often used in combination with punishment
Punishment mechanism

policies in reality. So far, few researchers have studied the combination of vaccination subsidy policies and
punishment policies. In this study, a new subsidy policy with the punishment mechanism (P-TAR) is first
introduced in the vaccination game to explore its impact on voluntary vaccination behaviors. P-TAR selects to
subsidize punishers of the last season based on the degree, which is similar to targeted subsidy policy (S-TAR).
We first adjust fines and punishment costs to explore how the punishment mechanism of P-TAR influences
vaccination coverage and epidemic dynamics. The results show that vaccination coverage can be significantly
improved when the fine is high and the punishment cost is low. By comparing P-TAR with S-TAR, we find
that P-TAR can more effectively increase the number of vaccinated individuals to control the epidemic size.
However, the P-TAR has a higher social cost than S-TAR. Through micro-analyzing the evolution of vaccination
behaviors, the P-TAR effectively improves the voluntary vaccination behaviors of non-hub nodes, which is
the main reason for P-TAR has more vaccinated individuals than S-TAR. To analyze the model robustness,
experiments are conducted with larger network sizes. In addition, we compare the results of unvaccinated
individuals who are sequentially punished by their surrounding punishers, as well as those who are punished
only once. Finally, we perform the sensitivity analysis on the effectiveness of imperfect vaccine. Current results
conclude that implementing strict policies usually incurs significant social costs, while effectively preventing
epidemic spreading. We anticipate that this study can offer policymakers valuable insights into the balance
between social costs and benefits when formulating vaccination policies.

Voluntary vaccination behavior
Epidemic spreading

1. Introduction as influenza, measles and chickenpox usually use voluntary vaccination

strategy [4,5]. When individuals make vaccination decisions, they will

Humanity has long struggled with various infectious diseases that
not only threaten human life but also cause huge economic losses
[1]. It is reported that the COVID-19 pandemic caused millions of
confirmed cases and deaths worldwide [2,3]. Therefore, the preven-
tion of worldwide infectious diseases is widely recognized as a major
problem that needs to be addressed in modern society. Vaccination has
always been considered an important measure for preventing infectious
diseases. The vaccination behavior of individual is more of a voluntary
behavior. For instance, non-fatal and vaccine-preventable diseases such
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consider vaccination cost, vaccine side effects, religious beliefs, and
the influence of others. In particular, unvaccinated individuals can
benefit from herd immunity, as vaccination coverage has reached a
sufficient threshold. Hence, individuals may refuse vaccination and
rely on their vaccinated neighbors to stay healthy. As a result, the
vaccination decision of the population is considered a public goods
dilemma [6], which can be effectively informed by evolutionary game
theory [7-11].
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Therefore, many researchers have explored the evolutionary dy-
namics of voluntary vaccination [12-16]. Fu et al. [17] published a
pioneering work that used evolutionary game theory to study indi-
vidual vaccination behavior in different networks. Subsequently, some
studies focused on different types of networks, such as classical complex
networks (e.g., Barabasi—Albert (BA) scale-free networks, Erd6s-Rényi
(ER) random networks) [17,18], higher-order networks (e.g., simplicial
complexes and hypergraph) [19,20] and multiplex networks [21,22]
and so on. On the other hand, a great deal of study has also focused
on the impact of various factors on individual vaccination behavior,
such as perception [23], social influence [15,24], strategy conformity
[18,21], memory [25] and so on. In terms of encouraging vaccination,
subsidy policy has become a commonly studied method for improving
vaccination coverage [26-30]. For instance, Zhang et al. [26] compared
random and targeted subsidy policies and discovered that targeted
subsidy is more effective than random subsidy when individuals are
more willing to imitate the strategies of subsidized individuals. Ding
et al. [27] found that the subsidy policy based on one-step history
information is significantly effective and could increase the vaccination
coverage of non-hub nodes. Tatsukawa et al. [28] proposed a degree-
dependent subsidy scheme and found that it is an intermediate policy
between the free ticket and flat discount policies.

Subsidy policy is used to incentivize vaccination behaviors, which
in essence uses reward mechanisms to promote cooperation in public
goods game (PGG), and reward can be understood as an incentive for
cooperative behavior that directly promotes cooperative behavior in
the population [7-9,31-33]. For example, Szolnoki et al. [8] found
that moderate rewards are an effective way to promote cooperation
when the synergy factor is low. Likewise, punishment is resistance to
defective behavior and indirectly promotes cooperative behavior in the
population, which is also commonly used to promote cooperation in
PGG [34-38]. For instance, Wang et al. [37] proposed two methods
of punishment: slight intensity of punishment and severe intensity of
punishment, and found that both methods significantly promoted coop-
eration. Perc et al. [38] showed how adaptive punishment may increase
public cooperation by activating spatial reciprocity or giving people
who sanction antisocial behavior an advantage in competition. Lee
et al. [39] proposed a punisher similar to a police officer or mercenary
who monitored the population and punished defectors, finding that
the maximum average outcome could be reached at an intermediary
punishment cost. It is worth mentioning that reward and punishment
coexist as management measures in the context of actual social man-
agement. Thus, Zhang et al. [40] showed that network reciprocity can
be combined with reward-punishment mechanisms in order to achieve
the co-evolution of network structure and individual behavior. It was
found that the right combination of reward and punishment to promote
cooperation is more effective.

During the ongoing COVID-19 pandemic, subsidy has emerged as
a successful strategy to incentivize individuals to get vaccinated. For
example, some countries have implemented government measures to
encourage vaccination, such as offering free vaccines [41,42]. Mean-
while, some countries have also taken punishment measures, such as
banning unvaccinated individuals from traveling by public transporta-
tion, refusing entry, or restricting access to public places [43,44].
The two incentives are commonly implemented together. As far as
we know, although many studies have explored the impact of sub-
sidy policies on individual vaccination behavior, there has been no
research to study subsidy policies with punishment mechanisms. In
this study, we construct a vaccination game model that combines
the punishment mechanism and the subsidy policy in the BA scale-
free network. The results show that preventing the epidemic is more
effective when the fine is higher and the cost of punishment is lower.
Moreover, we contrast the P-TAR with the previous target subsidy
policy (S-TAR) and find that the P-TAR is more effective in preventing
disease spread. Through micro-analysis, we conclude that P-TAR is
more effective by increasing vaccination coverage for non-hub nodes.
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To analyze the model robustness, we perform experiments on larger
network sizes and found that the results of the two network sizes are
nearly consistent. Furthermore, additional experiments are conducted
to investigate the impact of different punishment methods on individual
vaccination behaviors. This experiment demonstrates that unvaccinated
individuals who are punished sequentially by the surrounding punisher
are more effective than those who are only punished once. Lastly, when
introducing the vaccine failure rate, we observe that fewer susceptible
individuals chose to vaccinate as the vaccine failure rate increases.
Thus, vaccine failure rate almost entirely dominates the fraction of
vaccinated and infected individuals.

The remaining content of this article is as follows: Section 2 intro-
duces the model in detail and describes the P-TAR vaccination game
model process. Section 3 compares and analyzes P-TAR and S-TAR
through a series of simulations. Finally, Section 4 summarizes the
findings of this study.

2. Model

We propose a vaccination game model consisting of a subsidy policy
with punishment mechanisms. As shown in Fig. 1, the vaccination game
model is divided into two stages: vaccination decision-making and
epidemics spreading [17]. Because some studies have demonstrated
that the degree distribution of many networks follows a power-law
distribution [45], the whole vaccination process is conducted on a BA
scale-free network. In the network, each node represents an individual,
and the edges between nodes represent the neighborhood relationship
between individuals. During the vaccination decision stage, we intro-
duce a punisher strategy in which punishers impose punishment on
unvaccinated individuals around them. The punisher’s power to punish
can be regarded as punitive behavior performed through monitoring
and reporting. Then, the punishers are determined whether to sub-
sidize according to its degree. Next, individuals decide whether to
get vaccinated based on the previous season’s payoffs. The classical
susceptible-infected—-removed (SIR) model is used to simulate disease
transmission in the epidemic spreading stage. To simplify the model,
the vaccination is assumed to provide perfect immunity, meaning that
individuals will not become infected during the period in which they
are vaccinated. The model’s details are described below.

2.1. Payoff structure

This model includes punishers in contrast to previous studies that
focused only on subsidy policies. A punisher monitors all of his/her
neighbors, and punishes surrounding unvaccinated individuals from
the last season. The payoff of the punished individual is reduced by
fine g, and the punisher needs to pay the punishment cost yB. The
multiplication factor y (0 < y < 1) is introduced to represent the
relationship between fine and punishment cost. Specifically, if y =
0, punishers do not have to pay the cost of punishment. If y = 1,
which means the punishment cost paid by the punisher equals the
fine paid by the punished individual. Thus, a punisher i pays the pun-
ishment cost proportional to the number of unvaccinated individuals
N0t = 1) around him/her. The total punishment cost of individual i
is represented by

I:l(t) = Nnou,i(t -1 Yﬂ (1)

An penalized unvaccinated individual j need to pay the fine corre-
lated to the number of punishers N, ;(r — 1) in his/her neighbors. In
particular, an unvaccinated individual may avoid punishment if there
are no punishers around. The total fine of individual j is given as

W)= N, ;(t=1)-p 2

Besides punishment cost and fine, the payoff of individual i also
needs to consider his/her strategy and healthy state from last season. If
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Fig. 1. Schematic diagram of the vaccination game model for subsidy policy with punishment mechanism. The two stages (vaccination decision stage and epidemic spreading

stage) in a period are sequenced.

individuals chose to be vaccinated in season ¢t — 1, they need to pay vac-
cination cost C,, which includes monetary expenses, perceived vaccine
risks, and potential side effects. The punisher also requires vaccination,
and needs to pay the vaccination cost C,. In addition, unvaccinated
individuals who are infected also have to pay the infection cost C;.
Without loss of generality, we set C; =1andletc=C,/C; (0<c<1)
describe the relative cost of vaccination [46]. A successful “free-rider”
can avoid getting the disease, just consider whether he or she is fined.
The payoff of a subsidized punisher is —C, (as detailed in the subsidy
policy in Section 2.2). According to the above description, the payoff
7;(t) of individual i in season ¢ are as follows:

-C,, vaccinator and subsidizedpunisher,
(1) = —F;(t)—C,, un—subsidized punisher,

—-W;(t) =1, punished non — vaccinator,

W), free —rider.

2.2. Subsidy policy

The target subsidy policy (S-TAR) [26] distributes the total subsidy
amount pc to nodes with higher degrees of the proportion p, and the
subsidized individuals remain unchanged in all seasons. To make the
model comparisons, we use the same model of total subsidy amount
to subsidize punishers in P-TAR. In contrast to the S-TAR, the P-TAR
chooses punishers for subsidies each season. More specifically, the de-
gree of each node is used to rank it, and the punisher can be subsidized
for the whole cost (including punishment cost and vaccination cost).
If the remaining subsidy amount is not enough to cover the whole
cost of the punisher i, the next punisher j is successively chosen to be
subsidized until the remaining subsidy amount is not enough to cover
the whole cost of any punisher. From the neighbor’s perspective, a
subsidized punisher is regarded as an individual vaccinated voluntarily
[27]. Thus, the payoff of subsidized punisher is —C,. As with other
subsidy policies [26,27], subsidized punishers do not need to make the
vaccination decision in this season and continue to be punishers.

2.3. Strategy updating
Except for subsidized punishers, the remaining individuals updated

their strategies based on payoff differences. In detail, a non-subsidy
individual i randomly selects an individual j from its neighbors, and

the probability of adopting the neighbor j’s strategy is determined by
the following Fermi function:

1
f@j(t) = m(0) = 3

J 1+ exp((r; (1) — m;(1))/ K)

Here, 1/K represents the strength of strategy selection (0 < 1/K <
). If 1/K — oo, individuals will be more sensitive to the payoff
difference. We set K = 1 in this study because the uncertainty has been
discussed in previous studies [17,47,48].

2.4. Epidemic season

Every unvaccinated individual can be infected at this stage. We
simulate this process modeling SIR epidemic dynamics. At the initial
time step, the number of initial infection seeds I, is randomly selected
from a susceptible population. A susceptible individual (S) will be
infected at a rate of A through contact with an infected individual (I).
Infected individuals can become recovering individuals (R) at a rate
of u and will not be infected again during this season. The epidemic
continues until there are no new infected individuals. We implement
the evolution of the SIR model through the Gillespie algorithm [49].

2.5. Simulation procedure

The simulation is conducted on the BA scale-free network with a
population of 1000 and an average degree of 4. Everyone is initially
assigned a vaccination strategy of being vaccinated or not with equal
probability. In particular, we select half of the vaccinated individuals
as punishers [50]. After that, the seasonal epidemic starts to spread
according to initial infected individuals, assuming 4 = 0.55 and p = 1/3
[17]. To ensure the evolution process reaches a steady state, we collect
data after discarding enough transient time steps. The total number of
Monte Carlo (MC) steps is 3000 and the equilibrium results represent
the average of the last 100 MC steps of 200 independent experiments.
In addition, the V (vaccination coverage), R (final epidemic size), and
SC (social cost) are calculated as follow:

V =Vc+Vp=Ny/N
R= Ng/N (€]
SC=Ng-1+Ny-c+y:-f - Ny,

V¢ and Vp denote the proportion of pure vaccinators and punishers,
respectively. Here, pure vaccinators are individuals who vaccinate



J. Wang et al.

Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 174 (2023) 113863

Table 1

Summary of main parameters.
Symbol Description Value
N Size of networks N = 1000
(k) Average degree of networks (ky=4
A Transmission rate =055
M Recover rate u=1/3
C, Cost of vaccination 0<C, <1
C, Cost of infection C =
c Relative cost of vaccination (C,/C,) 0<c<l1
p Proportion of subsidized individuals p=0.04
y Punishment cost related multiplication factor 0<y<l1
i} Fine 0<p<1
W(t) The penalty cost of individual i in period t
F,(t) Fine for individual i in period t
Nyopi (D Number of unvaccinated individuals around Punisher i in period t
N, (D) Number of punishers around unvaccinated individual i in period ¢

without becoming punishers. N and N, represent the numbers of for § = 0. However, in reality, governments and regulators often

infected and vaccinated individuals. Additionally, N,,, represents the
number of penalties. Table 1 summarizes the main parameters in our
model.

3. Results

In this part, we first investigate and explain the impacts of fine
p and punishment cost-related multiplication factor y on vaccination
behavior. Then, a comparative study of the targeted subsidy policy (S-
TAR) and the subsidy policy with punishment mechanism (P-TAR) is
conducted to investigate the impact of these two policies on voluntary
vaccination behavior. At last, we perform a series of sensitivity analyses
on the model, including: network size, punishment approach, and
vaccine effectiveness.

3.1. Vaccination behaviors under P-TAR

First, we investigate the effect of vaccination coverage (V), final
epidemic size (R), and social cost (SC) with vaccination relative cost
¢ for different fines g in Fig. 2. By setting y = 1, we ensure that
punishment cost paid by the punishers is equal to the fine paid by the
punished. For g = 0, the P-TAR policy is similar to the S-TAR policy, it
is an interesting phenomenon. The difference is that the P-TAR policy
provides subsidies to punishers with higher degrees every season, and
the S-TAR policy offers free vaccination to individuals with higher
degrees and remains constant in all seasons. As shown in Fig. 2(a) and
(b), for some vaccination costs ¢ (e.g., ¢ = 1), the vaccination coverage
V is higher, and the final epidemic size R is lower when g = 0. And the
social cost SC of f = 0 is always lower than other g because punishers
do not have to pay the punishment cost in Fig. 2(c).

For another specific f, V decreases gradually and R increases
steadily as ¢ increases because the cost of vaccination is almost as
high as the cost of infection. It implies that a lower vaccination cost
can encourage individuals to get vaccinated. For example, when ¢ <
0.6, V is almost 1 and R is close to 0. As the vaccination cost rises
(¢ > 0.6), leading to the continuous decrease of V and the significant
increase of R. The social cost SC increases with the punishment cost
paid by punishers since the cost of punishment is included in the
calculation of the social cost. Under the same vaccination cost c, the
vaccination coverage V increases and the epidemic size R decreases
with the rise of f. For instance, the fraction of individuals adopting
the vaccination strategy under f = 1 is higher than with other g,
implying that the vaccinated fraction within the overall population will
be more sensitive to the fines 8. The SC does not change significantly. In
particular, we further analyze V and find the proportion of punishers
Vp is very high in Fig. 2(d) and (e). This phenomenon is attributed
to the subsidized vaccination of punishers, which encourages more
individuals to become punishers. As shown in Fig. 2, the prevention
of epidemics becomes more effective with the increase of f, except

adopt restrictive policies for unvaccinated individuals, such as banning
them from entering public places or taking public transport. Punishing
unvaccinated individuals is less costly for governments and regulators.
Therefore, setting y = 1 is stricter. The following experiments will
explore the impact of different punishment cost-related multiplication
factors y on vaccination behavior.

Fig. 3 plots the punishment cost-related multiplication factor y as
functions of the vaccination relative cost ¢ under the P-TAR policy. It
is evident that y has a more obvious effect on improving vaccination
behavior. As shown in Fig. 3(a), when y is smaller (y < 0.6), all
individuals can be effectively encouraged to be vaccinated regardless
of the value of c. However, larger y (y > 0.6) have a negative impact on
vaccination behavior. Specifically, the effect of improving vaccination
coverage became less effective as y increased. This is because individ-
uals consider their economic costs and associated benefits, leading to a
decrease in the number of punishers (Fig. 3(e)). The proportion of pure
vaccinators increased. Thus, the probability of unvaccinated individ-
uals being punished decreases, which cannot prevent the outbreak of
epidemics. However, there is no significant difference in SC (Fig. 3(c)).
This is because smaller y increases vaccination costs, while larger
y improves punishment costs. To compare the significant differences
between P-TAR and S-TAR, the values of f and y are fixed at 1 and
0.8, respectively.

3.2. Compare P-TAR with S-TAR

We compare the effects of different policies on voluntary vacci-
nation behavior. As shown in Fig. 4, both S-TAR and P-TAR policies
can effectively prevent pandemic outbreaks when compared to the No
policy. However, as the vaccination cost ¢ increases, the vaccination
coverage of the P-TAR policy remains 1. Diseases can be completely
eliminated when ¢ < 0.9 (As shown in Fig. 4(b)). When ¢ > 0.9,
individuals take into account the relevant benefits, and the number
of free riders increases. Due to the prevalence of sanctioning behavior
in the network, very few free riders can escape punishment. From the
point of view of group interests, the social cost of P-TAR is slightly
higher than that of the No policy. In contrast, S-TAR has the lowest
social cost but is not as effective as P-TAR in promoting individual
vaccination and preventing epidemic spread.

To analyze the co-effects of vaccination cost ¢ and the fraction of
subsidized individuals p on vaccination behavior, Fig. 5 illustrates the
evolution of V, R, and SC within the broader ranges of ¢ and p. It
is clearly indicated that as ¢ decreases and p increases, the fraction
of the vaccination coverage V increases, and the final epidemic size
R decreases. Compared to S-TAR results in the top panel, areas with
higher vaccination coverage in Fig. 5(d) are wider than in Fig. 5(a),
and areas with lower epidemic size in Fig. 5(e) are wider than in
Fig. 5(b), meaning that P-TAR policy is more effective than S-TAR
policy on promoting vaccination coverage. However, when ¢ is high
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and p is low, the areas with lower vaccination coverage and larger
epidemic sizes are more widespread. This is because the vaccination
cost and the punishment cost for the punishers need to be subsidized
under the P-TAR policy, the proportion of individuals being subsidized
is smaller and subsidized punishers are not necessarily individuals with
the highest degrees. However, when p is large enough, vaccination
coverage is high even when ¢ = 1.

We will explain deeply how the P-TAR and S-TAR policies affect
vaccination coverage in the BA network. To investigate the voluntary
vaccination behavior of each node in the BA network, we define the
voluntary vaccination probability (excluding subsidized individuals)
V, as a proportion of the number of nodes with the same degree k
(N If) that voluntarily vaccinated to the total number of nodes with
degree k (N,), given as V;, = N//N,. Fig. 6 compares the voluntary
vaccination probability of the P-TAR and S-TAR policies. Hub nodes
(nodes with higher degrees) are subsidized in both policies, thus, V, =
0. Unsubsidized nodes are small nodes (nodes with lower degrees)
in the BA network that are less likely to get vaccinated because of
minimized infection risks. For the P-TAR policy, the probability of
voluntary vaccination is higher for small nodes because there are more
punishers around. As a result, the P-TAR policy effectively increases the
vaccination coverage of all nodes compared to the S-TAR policy.

To show how the last evolutionary stable state gets reached for
typical parameter values as time passes, Fig. 7 plots a detailed evolution
process of vaccine coverage and epidemic size as functions of time
steps with the implementation of P-TAR and S-TAR policies. Under
the same conditions, for the S-TAR policy in Fig. 7(a), vaccination
coverage quickly stabilized at around 0.66, and the final epidemic size
is around 0.07. This result is consistent with the findings in Fig. 7(c).
For the P-TAR policy, the vaccination coverage rapidly rises to 1 within
just 50 MC steps and the epidemic size falls to 0 in Fig. 7(b). More
specifically, the number of pure vaccinators increases in the short term,
then declines, while punishers increase until the system reaches an
equilibrium state. This is because highly connected nodes are more
likely to become subsidized punishers and are less likely to change their
vaccination decisions during the strategy update period. With the epi-
demic spreading, several susceptible individuals are aware of the risk of
illness and are quickly becoming vaccinators or punishers. Therefore,
the P-TAR policy can make sure that hub nodes are vaccinated and
dynamically impact the strategies of unvaccinated individuals. Due to
the influence of the subsidy policy, the number of punishers gradually
increases over time and eventually reaches the entire network at 100
MC steps, as shown in Fig. 7(d).

3.3. Sensitivity analysis

In this section, we first discuss the results of the model for the larger
network size N = 2000 and the average degree (k) = 4, as illustrated
in Fig. 8. y = 1 is still set in this experiment. Our results show that
vaccination coverage at larger network sizes begins to decline at ¢ =
0.6 while the epidemic size rises. It demonstrates the faster spread of
disease at larger network sizes. Obviously, the social cost SC increases
proportionally with the network size. In addition, we study the impact
of vaccination cost ¢ and the fraction of subsidized individuals p on
vaccination behavior, as depicted in Fig. 9. Notably, the results for the
two network sizes are nearly consistent (Figs. 4(d)(e)(f) and 9).

In actually, the punished individual is usually punished only once
rather than multiple times in a season. For example, when a person
is proven guilty of a crime and determined to be guilty, they usually
face a single punishment in the form of imprisonment, probation, or
fines. As shown in Fig. 10, we compare two different punishment
types: unvaccinated individuals are being punished by the surrounding
punishers sequentially (punish-full) and only once (punish-one). In the
above-mentioned results, punish-full is used as the punishment method.
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For punish-one, the fine for unvaccinated individual i at time ¢ is
defined as W(t) = f - f(N,,,;( — 1)), where the step-like function f(Z)
is 1 if Z > 0 and O otherwise. unvaccinated individuals be punished by
a randomly selected punisher in the neighborhood. Fig. 10 shows the
results of the two punishment approaches in terms of the vaccination
coverage, the final epidemic size, and the social cost. It is clear that
the social cost is lower for punish-one (Fig. 10(c)). Further analysis of
the results indicates that both types of punishment yield similar results
at lower vaccination costs (¢ < 0.8). Nevertheless, punish-full leads to
higher vaccination coverages and smaller epidemic sizes than punish-
one at higher vaccination costs (¢ > 0.8). Therefore, it can be concluded
that unvaccinated individuals are being punished sequentially by the
surrounding punishers are more likely to promote vaccination.

In the previous part, we assume that vaccination provide perfect
immunity each season. Actually, the failure of vaccines due to improper
storage, transportation, or usage can increase the risk of infection for
vaccinated individuals. Here, we introduce a parameter 6 to describe
the vaccine failure rate [51], which describes the probability that sus-
ceptible individuals will not achieve immunity even after vaccination.
As depicted in Fig. 11, we analyze the common effects of vaccination
cost ¢ and the fraction of subsidized individuals p on vaccination behav-
ior for different vaccine failure rates 6. It is obvious that subsidy policy
with punishment mechanism is still a positive impact on promoting
individual vaccination and preventing epidemic transmission at the
lower vaccine failure rates (0 = 0.02). As 6 increases, fewer healthy
individuals opt for vaccination, which increases the risk of epidemic
outbreaks. In scenarios where the vaccine failure rate is high (6 =

0.8), on the one hand, vaccination coverage remains relatively high
when the cost of vaccination is relatively low. On the other hand, the
fraction of subsidized individuals p is ineffective in terms of promoting
vaccination behavior. Therefore, after introducing vaccine failure rates
in our model, it can be found that 6 greatly influences the evolution of
vaccination behavior.

4. Conclusion and discussion

In this study, we explore how individual vaccination behavior is
influenced by the combination of subsidy policy and punishment mech-
anism. More specifically, we introduce the punisher, who can monitor
the group and then decide whether it will be subsidized according
to the degree of the punisher. First, by simulating based on the SIR
epidemic dynamics to analyze the effects of fines and punishment costs
on vaccination behavior under the P-TAR policy. The results show that
with fines are high and punishment costs are low, this strategy can be
effective in preventing the spread of epidemics despite the vaccination
cost is high. In these situations, unvaccinated individuals face more
constraints because there are more punishers. Then, We compare the
P-TAR policy with the S-TAR policy, and the results show that the P-
TAR policy is more effective in improving vaccination coverage than
the S-TAR policy. We also analyze the co-effect of subsidized population
proportion and vaccination cost on vaccination behavior, showing that
individuals are more inclined to be vaccinated at larger subsidized pop-
ulation proportions and smaller vaccination costs, and the P-TAR have
larger areas with high vaccination coverage and smaller areas with
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Fig. 11. The heat maps of vaccination cost ¢ and the fraction of subsidized individuals p on the vaccination coverage V (left), the final epidemic size R (middle), and the social
cost SC (right) for different vaccine failure rate 6: 6 = 0.02 (top panel), § = 0.4 (middle panel), 6 = 0.8 (bottom panel), respectively. Parameters: N = 1000, (k) =4, 1 =0.55,

u=1/3, K=1, =04, y=1.

low epidemic sizes. We discover P-TAR is more effective in preventing
epidemic spreading through micro-analysis because it improves vacci-
nation coverage in all nodes. However, the social cost is significantly
higher because the punishment cost is included in the social cost. The
results demonstrate the implementation of a strict policy can effectively
control the outbreak of epidemics. However, the social cost of the strict
policy is significant high. Therefore, a reasonable balance between costs
and benefits must be considered when implementing a strict policy to
promote vaccination coverage.

In the section on sensitivity analysis, we initially verify the results
on larger network sizes, despite the faster spread of the epidemic on
larger network sizes. We find that the results for the two network
sizes are nearly consistent. And the social cost increase proportion-
ally with the network size. Next, we introduce an alternative punish-
ment approach where unvaccinated individuals are punished only once
(punish-one), regardless of the number of punishers surrounding them.
This method of punishment proves to be less effective than punish-
full. Lastly, we examine the impact of imperfect vaccines on individuals
vaccination behavior within the model. There is still higher vaccination
coverage at lower vaccine failure rates. As the vaccine failure rate
increases, fewer susceptible individuals chose to vaccinate, but the
vaccination coverage remains high when the vaccination cost is lower.
Meanwhile, the fraction of subsidized individuals p is ineffective in
terms of promoting vaccination behavior. This finding indicates that the
vaccine failure rate has a greater influence on individual vaccination
behavior. We hope that our study will serve as an inspiration for the
formulation of vaccination policies.

CRediT authorship contribution statement

Jingrui Wang: Conceptualization, Methodology, Writing — original
draft, Writing — review & editing. Huizhen Zhang: Software, Writing

- review & editing. Xing Jin: Investigation, Validation. Leyu Ma: Soft-
ware, Visualization. Yueren Chen: Investigation, Data curation. Chao
Wang: Funding acquisition, Validation. Jian Zhao: Funding acqui-
sition, Project administration. Tianbo An: Conceptualization, Project
administration.

Declaration of competing interest

This manuscript has not been published before and is not being
considered for publication elsewhere. All authors have contributed to
the creation of this manuscript for important intellectual content and
read and approved the final manuscript. We declare there is no conflict
of interest.

Data availability

Data will be made available on request

Acknowledgments

This work was partially supported by the Jilin Provincial De-
partment of Science and Technology Grant No. YDZJ202303CGZHO01,
Jilin Provincial Department of Human Resources and Social Security
(2022QN05), Changchun Science and Technology Bureau (21ZGM29),
and the National Natural Science Foundation of China under Grant No.
42201510.



J. Wang et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Martcheva Maia. An introduction to mathematical epidemiology, Vol. 61.
Springer; 2015.

Velavan Thirumalaisamy P, Meyer Christian G. The COVID-19 epidemic. Trop
Med Int Health 2020;25(3):278.

Brodeur Abel, Gray David, Islam Anik, Bhuiyan Suraiya. A literature review of
the economics of COVID-19. J Econ Surv 2021;35(4):1007-44.

Breban Romulus, Vardavas Raffaele, Blower Sally. Mean-field analysis of an
inductive reasoning game: application to influenza vaccination. Phys Rev E
2007;76(3):031127.

Vardavas Raffaele, Breban Romulus, Blower Sally. Can influenza epidemics be
prevented by voluntary vaccination? PLoS Comput Biol 2007;3(5):85.

Bauch Chris T, Earn David JD. Vaccination and the theory of games. Proc Natl
Acad Sci 2004;101(36):13391-4.

Sasaki Tatsuya, Unemi Tatsuo. Replicator dynamics in public goods games with
reward funds. J Theoret Biol 2011;287:109-14.

Szolnoki Attila, Perc Matjaz. Reward and cooperation in the spatial public goods
game. Europhys Lett 2010;92(3):38003.

Sigmund Karl, Hauert Christoph, Nowak Martin A. Reward and punishment. Proc
Natl Acad Sci 2001;98(19):10757-62.

Ying Xinyue, Wang Jingrui, Jin Xing, Wang Chao, Zhang Zhouyang, Wang Zhen.
Temporal-spatial perception adjustment to fitness enhances the cooperation in
the spatial prisoner’s dilemma game. Front Phys 2023;11:389.

Xu Haozheng, Zhang Yiwen, Jin Xing, Wang Jingrui, Wang Zhen. The evolution
of cooperation in multigames with uniform random hypergraphs. Mathematics
2023;11(11):2409.

Ndeffo Mbah Martial L, Liu Jingzhou, Bauch Chris T, Tekel Yonas I, Medlock Jan,
Meyers Lauren Ancel, Galvani Alison P. The impact of imitation on vaccination
behavior in social contact networks. PLoS Comput Biol 2012;8(4):e1002469.
Wu Bin, Fu Feng, Wang Long. Imperfect vaccine aggravates the long-standing
dilemma of voluntary vaccination. PLoS One 2011;6(6):e20577.

Zhang Yan. The impact of other-regarding tendencies on the spatial vaccination
game. Chaos Solitons Fractals 2013;56:209-15.

Ichinose Genki, Kurisaku Takehiro. Positive and negative effects of social impact
on evolutionary vaccination game in networks. Physica A 2017;468:84-90.
Wang Jingrui, Jin Xing, Yang Yixuan, Chen Qingfang, Wang Zhen, Ding Hong.
The spread of epidemic under voluntary vaccination with heterogeneous infection
rates. Internat J Modern Phys C 2021;32(03):2150037.

Fu Feng, Rosenbloom Daniel I, Wang Long, Nowak Martin A. Imitation dy-
namics of vaccination behaviour on social networks. Proc R Soc B: Biol Sci
2011;278(1702):42-9.

An Tianbo, Wang Jingrui, Zhou Bowen, Jin Xing, Zhao Jian, Cui Guang-
hai. Impact of strategy conformity on vaccination behaviors. Front Phys
2022;10:972457.

Fan Junfeng, Zhao Dawei, Xia Chengyi, Tanimoto Jun. Coupled spreading
between information and epidemics on multiplex networks with simplicial
complexes. Chaos 2022;32(11):113115.

Sun Qingyi, Wang Zhishuang, Zhao Dawei, Xia Chengyi, Perc Matjaz. Diffusion
of resources and their impact on epidemic spreading in multilayer networks with
simplicial complexes. Chaos Solitons Fractals 2022;164:112734.

Wang Xinyu, Jia Danyang, Gao Shupeng, Xia Chengyi, Li Xuelong, Wang Zhen.
Vaccination behavior by coupling the epidemic spreading with the human
decision under the game theory. Appl Math Comput 2020;380:125232.

Yin Qian, Wang Zhishuang, Xia Chengyi. Information-epidemic co-evolution
propagation under policy intervention in multiplex networks. Nonlinear Dynam
2023;1-13.

Feng Xue, Wu Bin, Wang Long. Voluntary vaccination dilemma with evolving
psychological perceptions. J Theoret Biol 2018;439:65-75.

Xia Shang, Liu Jiming. A computational approach to characterizing the impact
of social influence on individuals’ vaccination decision making. PLoS One
2013;8(4):e60373.

Zhang Haifeng, Fu Feng, Zhang Wenyao, Wang Binghong. Rational behavior
is a ‘double-edged sword’when considering voluntary vaccination. Physica A
2012;391(20):4807-15.

10

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Chaos, Solitons and Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium and Complex Phenomena 174 (2023) 113863

Zhang Haifeng, Shu Panpan, Wang Zhen, Tang Ming, Small Michael. Preferential
imitation can invalidate targeted subsidy policies on seasonal-influenza diseases.
Appl Math Comput 2017;294:332-42.

Ding Hong, Xu Jiahao, Wang Zhen, Ren Yizhi, Cui Guanghai. Subsidy strategy
based on history information can stimulate voluntary vaccination behaviors on
seasonal diseases. Physica A 2018;503:390-9.

Tatsukawa Yuichi, Arefin Md Rajib, Tanaka Masaki, Tanimoto Jun. Free ticket,
discount ticket or intermediate of the best of two worlds-Which subsidy
policy is socially optimal to suppress the disease spreading? J Theoret Biol
2021;520:110682.

Zhang Haifeng, Wu Zhixi, Tang Ming, Lai Yingcheng. Effects of behavioral
response and vaccination policy on epidemic spreading-an approach based on
evolutionary-game dynamics. Sci Rep 2014;4(1):1-10.

Zhang Haifeng, Wu Zhixi, Xu Xiaoke, Small Michael, Wang Lin, Wang Binghong.
Impacts of subsidy policies on vaccination decisions in contact networks. Phys
Rev E 2013;88(1):012813.

Szolnoki Attila, Perc MatjaZz. Evolutionary advantages of adaptive rewarding.
New J Phys 2012;14(9):093016.

Szolnoki Attila, Perc Matjaz. Antisocial pool rewarding does not deter public
cooperation. Proc R Soc B: Biol Sci 2015;282(1816):20151975.

Wu Yu’e, Chang Shuhua, Zhang Zhipeng, Deng Zhenghong. Impact of social
reward on the evolution of the cooperation behavior in complex networks. Sci
Rep 2017;7(1):1-9.

Fehr Ernst, Géchter Simon. Cooperation and punishment in public goods
experiments. Amer Econ Rev 2000;90(4):980-94.

Rockenbach Bettina, Milinski Manfred. The efficient interaction of indirect
reciprocity and costly punishment. Nature 2006;444(7120):718-23.

Gachter Simon, Renner Elke, Sefton Martin. The long-run benefits of punishment.
Science 2008;322(5907):1510.

Wang Xiuling, Wu Jie, Shu Gang, Li Ya. Punishment based on public benefit
fund significantly promotes cooperation. PLoS One 2014;9(8):e105126.

Perc Matjaz, Szolnoki Attila. Self-organization of punishment in structured
populations. New J Phys 2012;14(4):043013.

Lee Hsuan-Wei, Cleveland Colin, Szolnoki Attila. Mercenary punishment in
structured populations. Appl Math Comput 2022;417:126797.

Zhang Ming, Zhang Xu, Qu Cunquan, Wang Guanghui, Lu Xin. The combi-
nation of social reward and punishment is conducive to the cooperation and
heterogeneity of social relations. Chaos 2022;32(10):103104.

Goodkin-Gold ~ Matthew, Kremer Michael, Snyder Christopher M,
Williams Heidi L. Optimal vaccine subsidies for endemic and epidemic
diseases. Technical report, National Bureau of Economic Research; 2020.
Guzman Javier, Hafner Tamara, Maiga Lalla Arkia, Giedion Ursula. COVID-19
vaccines pricing policy options for low-income and middle-income countries.
BMJ Glob Health 2021;6(3):e005347.

Liu Rugang, Zhang Yuxun, Nicholas Stephen, Leng Anli, Maitland Elizabeth,
Wang Jian. COVID-19 vaccination willingness among Chinese adults under the
free vaccination policy. Vaccines 2021;9(3):292.

Sayed Anwar A. The progressive public measures of Saudi Arabia to tackle
Covid-19 and limit its spread. Int J Environ Res Public Health 2021;18(2):783.
Barabési Albert-Laszl6, Albert Réka. Emergence of scaling in random networks.
Science 1999;286(5439):509-12.

Liu Xiaotao, Wu Zhixi, Zhang Lianzhong. Impact of committed individuals on
vaccination behavior. Phys Rev E 2012;86(5):051132.

Wang Zhen, Andrews Michael A, Wu Zhixi, Wang Lin, Bauch Chris T. Coupled
disease-behavior dynamics on complex networks: A review. Phys Life Rev
2015;15:1-29.

Cui Guanghai, Wang Zhen, Li Junli, Jin Xing, Zhang Zhiwang. Influence of
precaution and dynamic post-indemnity based insurance policy on controlling
the propagation of epidemic security risks in networks. Appl Math Comput
2021;392:125720.

Gillespie Daniel T. Exact stochastic simulation of coupled chemical reactions. J
Phys Chem 1977;81(25):2340-61.

Flores Lucas S, Fernandes Heitor CM, Amaral Marco A, Vainstein Mendeli H.
Symbiotic behaviour in the public goods game with altruistic punishment. J
Theoret Biol 2021;524:110737.

Huang Jiechen, Wang Juan, Xia Chengyi. Role of vaccine efficacy in the
vaccination behavior under myopic update rule on complex networks. Chaos
Solitons Fractals 2020;130:109425.


http://refhub.elsevier.com/S0960-0779(23)00764-6/sb1
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb1
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb1
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb2
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb2
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb2
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb3
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb3
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb3
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb4
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb4
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb4
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb4
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb4
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb5
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb5
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb5
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb6
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb6
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb6
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb7
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb7
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb7
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb8
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb8
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb8
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb9
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb9
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb9
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb10
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb10
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb10
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb10
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb10
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb11
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb11
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb11
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb11
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb11
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb12
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb12
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb12
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb12
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb12
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb13
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb13
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb13
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb14
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb14
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb14
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb15
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb15
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb15
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb16
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb16
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb16
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb16
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb16
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb17
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb17
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb17
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb17
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb17
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb18
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb18
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb18
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb18
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb18
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb19
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb19
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb19
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb19
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb19
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb20
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb20
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb20
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb20
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb20
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb21
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb21
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb21
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb21
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb21
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb22
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb22
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb22
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb22
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb22
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb23
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb23
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb23
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb24
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb24
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb24
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb24
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb24
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb25
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb25
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb25
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb25
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb25
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb26
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb26
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb26
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb26
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb26
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb27
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb27
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb27
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb27
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb27
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb28
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb29
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb29
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb29
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb29
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb29
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb30
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb30
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb30
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb30
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb30
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb31
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb31
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb31
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb32
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb32
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb32
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb33
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb33
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb33
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb33
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb33
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb34
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb34
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb34
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb35
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb35
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb35
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb36
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb36
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb36
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb37
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb37
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb37
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb38
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb38
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb38
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb39
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb39
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb39
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb40
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb40
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb40
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb40
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb40
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb41
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb41
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb41
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb41
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb41
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb42
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb42
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb42
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb42
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb42
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb43
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb43
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb43
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb43
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb43
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb44
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb44
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb44
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb45
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb45
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb45
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb46
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb46
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb46
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb47
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb47
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb47
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb47
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb47
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb48
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb49
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb49
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb49
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb50
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb50
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb50
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb50
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb50
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb51
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb51
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb51
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb51
http://refhub.elsevier.com/S0960-0779(23)00764-6/sb51

	Subsidy policy with punishment mechanism can promote voluntary vaccination behaviors in structured populations
	Introduction
	Model
	Payoff structure
	Subsidy policy
	Strategy updating
	Epidemic Season
	Simulation procedure

	Results
	Vaccination behaviors under P-TAR
	Compare P-TAR with S-TAR
	Sensitivity analysis

	Conclusion and discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


