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In most of the studies focusing on the conformity of voluntary vaccination
decisions, the conformity was always directly modeled as a conformity-driven
strategy-updating rule. However, the utility of an individual can also be
influenced by the group identity or discrimination behaviors associated with
strategy conformity in realities. Thus, a novel utility model of the vaccination
game is first formulated in which the influence of strategy conformity is
considered. Then, we use the spatial evolutionary game theory to study the
dynamics of individual vaccination strategies under the influence of strategy
conformity on the scale-free network. The results show that moderate strategy
conformity and a high herd immunity threshold have a significant positive effect
on vaccination behaviors when the initial vaccination fraction is low. Moreover,
for a high initial vaccination fraction, the strong strategy conformity and high
herd immunity threshold are more conducive to encourage vaccination
behavior. To analyze the model sensitivity, experiments are conducted in the
small world network and square lattice network. In addition, we performed the
sensitivity analysis on vaccination effectiveness. Finally, the generality of
strategy conformity effect is investigated when the myopic strategy updating
rule is adopted in the whole population. The result shows that vaccination
behaviors can also be promoted under the condition of moderate strategy
conformity and low initial vaccination fraction.

KEYWORDS

vaccination, strategy conformity, herd immunity, human behavior, evolutionary game
theory

1 Introduction

The history of mankind has always been accompanied by a struggle against the
epidemic, from the outbreak of the Black Death in the 14th century to the still unresolved
COVID-19 [1-9]. Large-scale infectious diseases have caused innumerable damages to
human societies. Therefore, the prevention of infectious diseases has great significance for
mankind. Vaccination is a significant method to control infectious diseases and numerous
researchers have devoted endless efforts to the investigation of this hot topic. For instance,
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many researchers have proposed some effective immunization
based

immunization [10], targeted immunization [11], acquaintance

strategies on vaccinations, including random
immunization [10], and ring immunization [12].

Most of these proposed immunization strategies are based on
the assumption that vaccination is mandatory [13]. Practically,
the immunization of individuals by vaccinating is more of a
voluntary behavior. When deciding whether to vaccinate or not,
individuals evaluate a variety of issues, including religion,
vaccination cost, and the side effects of vaccination. Therefore,
a voluntary vaccination model based on game theory has been
proposed to explore influences of immunization on the
dynamical process in epidemics [13-18]. Huang et al. [19]
proposed a new vaccination update rule: a myopic update rule
based on the Fermi function and a new vaccination game. In
particular, the utility of risky perception is considered a term of
the utility function. [20] built a two-stage game to systematize the
process of vaccination with profit-motivated strategy update and
transmission of the epidemic. However, the epidemic can hardly
be eradicated by a voluntary vaccination policy without
incentives [21]. Thus, many works have studied the effect of
subsidy policies on vaccination coverage [21-24]. For instance,
Zhang et al. [23] found that the targeted subsidy policy is only
advantageous when individuals prefer to imitate the subsidized
individuals’ strategy. Inspired by previous works on the
(24]
information-based subsidy policies and found that history
the

vaccination probability of non-hub nodes. In reality, the

vaccination subsidy policy, proposed two history

information-based  subsidy policies can enhance
network structure also plays an important role in the
vaccination behavior and the spread of infectious diseases
[25]. Thus, many studies have paid attention to the impact of
the topology of networks on vaccination behavior [13,16,26-31].
Moreover, Granell et al. proposed a two-layer network, one
characterizes the dynamics of the awareness evolves and the
other depicts the epidemic process spreads to explore the impact
of risk perception on the vaccination behavior [21, 32, 33].

In addition to the aforementioned factors, for an individual,
the behaviors of nearing neighbors in networks can also impact
its decision-making process, such as conformity (conformity
refers to the act of changing one’s behavior to match the
responses of others [34]). In reality, individuals can only
obtain partial information and have limited computing power,
and they usually cannot make decisions with full rationality.
There exists compelling evidence in favor of the fact that
conformity also plays an important role in the individual
decision-making process [35]. Therefore, conformity has been
introduced into the social dilemma modeling framework, and
some studies have shown that conformity has a significant impact
on vaccination behaviors when the conformity is considered in
the decision-making process of individuals [36-43]. For instance,
Cui et al. presented an evolutionary model to explore the impact
of conformity on the prisoner’s dilemma game and found that
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when the temptation to defect is low and both conformism and
local interactions are present, the system can reach high levels of
cooperation or even a full cooperation state [37]. Lu et al.
discussed the influence of the conformity-driven strategy-
updating mechanism on the vaccination behaviors based on
the susceptible-infected-recovered (SIR) model [44]. Based on
this two-stage model proposed by [20], [45] established a
framework considering the conformity-motivated strategy
update as well as myopic best response-motivated strategy
update on a family network which is demonstrated by a two-
layered network. In the proposed studies focusing on the impact
of conformity on vaccination behaviors, conformity was always
directly modeled as the strategy updating method when an
individual makes a vaccination decision.

In reality, individuals are more inclined to cater to the
majority to avoid being isolated or get a sense of belonging to
the majority. Haque et al. extended the framework of
coordination games and incorporate vaccination decisions
which is mainly determined by three components, namely, the
benefits a node derives from the vaccination, the strategy
conformity, and the benefit of herd immunity if a sufficient
fraction of individuals is vaccinated [46]. Thus, the utility of
individuals can also be affected by the group identity or
discrimination behaviors associated with strategy conformity.
Motivated by this, to explore the evolution of vaccination
the
conformity, a novel utility function of vaccination games is

behaviors under influence of vaccination strategy
formulated to capture the influence. Here, the intensity of
strategy conformity (e.g., strong strategy conformity or weak
strategy conformity) refers to the intensity of the effect of strategy
conformity on utilities. We analyze the vaccination behavior
through the imitation-based strategy-updating rule and the
utility function. The effects of vaccination cost with different
initial vaccination rates on voluntary vaccination behaviors are
first explored, and the results show that for a higher initial
vaccination fraction, the population is more tolerantly
vaccinated with the increase in vaccination cost. Then, we
investigate the influences of different strategy conformity
intensities on vaccination behaviors. We find that there is no
simple linear relationship between the strategy conformity
intensity and the vaccination coverage. Furthermore, & — y
phase graphs are performed to explore the joint influence of
strategy conformity and herd immunity threshold on vaccination
behaviors. The results show that a high herd immunity threshold
has a significant positive effect on vaccination behavior, and the
most appropriate range of « is diverse for different initial
vaccination fractions. Finally, we verify the generality of the
impact of strategy conformity on vaccination behaviors by using
the myopic strategy updating rule. The result shows that moderate
strategy conformity also has a prominent positive effect on
vaccination behavior for the low initial vaccination fraction.

This study is organized as follows: in Section 2, we first

describe the utility function considering strategy conformity,
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vaccination cost, and herd immunity. Then, we interpret the
model of the vaccination evolutionary process. In Section 3,
we mainly analyze the influence of strategy conformity on
vaccination behaviors in different scenarios and explained
the results. Meanwhile, the sensitivity of the model is
analyzed, and the generalization of the influence is also
analyzed by the myopic update rule. The conclusions are
presented in Section 4.

2 Model

We discuss the effects of conformity on vaccination
behaviors by considering a vaccination game in scale-free
networks [13,16,47]. In the network, each node represents an
individual. The game is the process of voluntary vaccination
before the epidemic season, where individuals make decisions
between vaccinating or not by comparing their utility in the
current season with one of the randomly selected neighbors.
Once the epidemic season ends, the utility of individuals in
the season is calculated. Similar to previous studies, we
suppose that the vaccination is valid permanently in each
season and is effective for only one season [16,20,44],
especially herd immunity is considered in our model. Herd
immunity is a standard notion from mathematical
epidemiology: the disease will die out on its own if more
than a certain fraction (y) of nodes is vaccinated in the entire
network [46]. When herd immunity is achieved, we call the
non-vaccinated individuals as free-riders.

2.1 Utility function

Let s; denote the vaccination state of individual i, where 0 and
1 indicate vaccination and non-vaccination, respectively. The
following utilities are considered in the function:

« Strategy conformity utility

Individuals are more inclined to agree with the majority in
real life. When the strategy chosen by an individual is different
from the majority, the individual is more likely to be isolated or
treated unfairly. Also, as the proportion of the majority increases,
so do the negative effects. When an individual chooses the same
strategy as the majority, the individual is easier to integrate into
the population or get spiritual satisfaction (e.g., collective sense of
honor).

Therefore, the utility of individual i obtalned from strategy
N &N , where N;
represents the number of individuals in i’s nelghbors who adopt

conforming to its neighbors is represented by

the same strategy x; and k; represents the number of the
individual s neighbors. N; —% is the strategy conformity

effect to individual i after determining the strategy [39,43,44].
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We normalize the expression (N; —% divided by %)
(ka (21\;’ k) e [-1,1]. (21\2‘ k) = _1 indicates the strategy
chosen by individual i which is different from all neighbors,
while % =1 indicates individual i who chooses the same
strategy with all its neighbors. The parameter « adjusts the
influence intensity of strategy conformity on vaccination

(2N —ki)

decision-making. Here, we refer to a~==—* as the conformity

payoff.
« Utility of vaccinated individuals

The utility of vaccination should be incorporated into the
cost of the vaccine Cy (e.g., the opportunity cost of time,
economic cost, and the side effects to health) and the
(perceived) health benefit Cy[46]. Because the vaccination
provides perfect immunity, the vaccinated individual gets the
vaccination benefit Cy — Cy regardless of herd immunity. Taking
together, the utility of a vaccinated individual i can be expressed
as Cy - Cy + oc(ZNk+i_k").

o Utility of free-riders

For a free-rider i, when herd immunity is achieved, it will get
the health benefit C; without any cost. Thus, the utility of a free-

(2Ni-ki)
ki

rider is as follows: Cys; 1 + o222 where 15 is an

Z 5j< (1=y)n
indicator variable, yielding 1 if the condition Z holds and
otherwise 0; Z]-sj is the number of non-vaccinated individuals
in the network; and (1 — y)n is the maximum number of non-
vaccinated individuals when herd immunity is achieved. Herd
immunity is achieved if ) js; < (1 — y)n, and the free-rider i (s; = 1)
gets the benefit Cy.

As mentioned previously, both vaccinated individuals and
free-riders can get the conformity benefit. Thus, the utility of

individual i can be calculated as follows:

(2N; - ki)

util(i) = a k,

+ (CH Cv)(l —S,') +CHS,']]Z (1 y) .
si<(1-y)n
]

1

Without loss of generality, we set Cy = 1 in this study.
Individuals get benefits according to their own vaccination
strategy and whether the herd immunity is achieved or not.
To make Eq. 1 easier to understand, we rewrite it as an equivalent
piece-wise linear function:

o K
(2N; - ki)
Sl I YoM ,si=1

A 1Y e e

+ (Cuy —Cy),si =0,

util (i) = @)

Note that, on the one hand, vaccinated individuals and free-
riders both can obtain the conformity benefit. On the other hand,
only the vaccinated individuals can obtain the health benefit
when the herd immunity is not achieved.
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2.2 Strategy updating rules

We consider two types of strategy updating rules: the
imitation rule and the myopic update rule.

Imitation rule: 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. & indicates the so-called intensity of selection.
Without loss of generality, we keep K = 0.1 in this study
[44,45],cc. Note that K = 0 and K = 1 depict the completely
deterministic and random selection of individual strategies,

respectively:
_ 1
T 1+ exp[(util (i) — util (§)) /K]

P(s,» — sj) (3)

Myopic update rule: Individual i updates its own strategy by
comparing the strategy s; and the opposite strategy 5;. Then,
individual 7 changes the strategy s; into the opposite strategy s;
with the following Fermi-like probability(K = 0.1):

1
1+ exp|(util (i) - util({))/K])

P(si —5) =

(4)

where util (i) denotes the utility of the opposite strategy of
individual i.

2.3 Simulation procedure

Overall, according to the strategy updating rules discussed
previously, the corresponding simulation procedures are
summarized in the following steps:

1. Initialization: we simulate this procedure with total
population size N = 2000 on the scale-free network and the
average degree <k> = 6. The scale-free network is started
from a set of three fully connected nodes and then grows
according to the preferential attachment mechanism until the
size of the network is 2000 [47]. The initial proportion of
vaccinated individuals is V;, (0 < V;, < 1), and the vaccinated
individuals are randomly chosen within the population. All
individuals are fixed with the same rule to update their
vaccination strategies.

2. Payoff updates: according to the specific situation of herd
immunity and the vaccination behavior of individuals, the
utility of each individual is updated.

3. Strategy updates: updating the vaccination strategy of a node
according to the strategy updating rule until all nodes are
traversed. At this point, the iteration returns to step b or stops
after predetermined iterations.
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TABLE 1 Summary of parameters.

Parameter Description Value
A Strategy conformity intensity [0, 1]
Cy Vaccination cost [0, 1]
Cy Health benefit 1

Vo Initial proportion of vaccinated individuals {0.2, 0.6}
r Herd immunity threshold [0.5, 1]
1/K Intensity of selection 10

All the results are obtained from an average of over
50 independent realizations. If not otherwise stated, y = 0.8.
Table 1 summarizes the parameters which will be used
throughout the study.

3 Results and discussion

In this part, we mainly focus on the influence of strategy
conformity on vaccination behaviors, when the population
adopts the imitation-based strategy-updating rule. First, we
plot the vaccination coverage as a function of Cy for the
different populations (the populations with different values of
@), to analyze the evolution of vaccination behaviors against
different vaccination costs. Then, we explore the impact of
strategy conformity on the evolution of vaccination behaviors
and explain the relevant phenomena. Moreover, a deeper
illustration of the co-effects of vaccination costs and initial
vaccination fractions is given, by plotting the a — y phase
graphs. Finally, to verify the generality of the strategy
conformity influence, we also discuss vaccination behaviors
when individuals adopt the myopic strategy updating rule.

3.1 The influence of vaccination cost on
vaccination coverage for different strategy
conformity intensities

We start by exploring the influence of vaccination cost on
vaccination behaviors of the different populations (the
populations with different values of «). Due to the existence
of conformity effect, the initial vaccination fraction may have an
impact on vaccination behaviors. Thus, we plot the results
obtained from a lower initial vaccination fraction V,, = 0.2
(Figure 1A) and a higher initial vaccination fraction V, = 0.6
(Figure 1B).

As shown in Figure 1, first, V has no significant effect on
vaccination behaviors of the population when the influence of
strategy conformity is not considered (« = 0). Second, one can see
that the smaller and larger initial vaccination fractions can lead to
two opposite results in the population (« > 0). For the lower
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Vaccination coverage as a function of the relative cost of vaccination C,, for V = 0.2 (A) and V,, = 0.6 (B). Depicted results are obtained for y =
0.8, K=01and Cy =1
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FIGURE 2
Time courses of vaccination coverage for Vo = 0.2 (A) and V = 0.6 (B). Depicted results are obtained fory = 0.8, K=0.1, Cy, = 0.3,and Cy, = 1.

initial vaccination fraction V, = 0.2 (Figure 1A), stronger the vaccination behavior more effectively. When the initial
conformity has negative effects on vaccination behaviors. In proportion of vaccinated individuals is higher (Figure 1B), one
detail, the vaccination coverage in the population with can see a completely opposite result that as the vaccination cost
stronger strategy conformity falls to 0 quickly, with an increases, the population has stronger strategy conformity and
increase in vaccination cost. Interestingly, when Cy < 0.5, the can have a good tolerance for vaccination behavior. The
population with intermediate strategy conformity can encourage vaccination coverage in the population with weaker strategy
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Fraction of individuals in different states as a function of time for a = 1 (A), « = 0.6 (B), and « = 0.2 (C). Depicted results are obtained for y = 0.8,
Vo=0.2,K=0.1 C,=0.3 and Cy = 1. The state codes are as follows: state0 and statel represent the vaccinated individuals in the previous epidemic
season that still vaccinate and do not vaccinate in the current season, respectively; state2 and state3 represent the non-vaccinated individuals in the
previous epidemic season that vaccinate and still do not vaccinate in the current season, respectively.

conformity is more negatively impacted by the increase in
vaccination cost.

3.2 The influence of strategy conformity
on the evolution of vaccination behavior

In order to specifically depict how the last evolutionary stable
state is reached for specific values of Cy and V as time passes, a
detailed evolution process of vaccination strategies as a function
of time steps is plotted for V, = 0.2 (panel(a)) and V, = 0.6
(panel(b)) in Figure 2 (Cy = 0.3). As shown in Figure 2A, for a
lower a < 0.2, the vaccination coverage fluctuates around the
herd immunity threshold; for an intermediate 0.4 < a < 0.6, the
strategy conformity can encourage the vaccination behavior, and
all individuals in the population adopt the vaccination strategy;
for a larger « > 0.8, the vaccination behavior is inhibited by the
stronger strategy conformity, and the vaccination coverage
decreases with the increase of a. When the initial vaccinated
fraction of individuals is 60% (Figure 2B), the increase of a
the The
phenomenon corresponds to the reality that individuals are

significantly ~ improves vaccination — coverage.
more likely to adopt the same strategy as the majority of the
population. It is worth noting that for the lower initial
vaccination fraction V, = 0.2, there is no simple linear
relationship between the strategy conformity intensity « and
the vaccination coverage, and it can be found that stable
vaccination coverage increases first and then decreases as o
increases.

Aiming to further understand the phenomenon in Figure 2A,
the state of individuals is divided into four categories based on

their strategies in the previous and the current time steps. For
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three typical populations with & = 1, « = 0.6 and & = 0.2, the
fraction evolution of individuals in four states is shown in
Figure 3. As shown in Figure 3A, the population with strong
strategy conformity has a weak vaccination sentiment, and
vaccinated individuals gradually decrease to 0. This is because
the non-vaccinated individuals are the majority when the initial
vaccination fraction is lower. Also, the stronger strategy
conformity leads individuals to follow the majority and not
get vaccinated. The result is also consistent with the reality
that
individuals to lose rationality and follow the majority to make

excessively strong strategy conformity will cause
irrational behaviors.

However, for the low initial vaccination fraction, moderate
strategy conformity has a significant positive effect on
vaccination behavior in Figure 2A. According to Eq. 2, when
the herd immunity is not achieved, the vaccinated individual can
get a health benefit compared to the non-vaccinated individual,
and they all can get the utility of strategy conformity. For a well-
mixed population, taking & = 0.6, Cy = 1, and V¢ = 0.2 as an
example, the utility of a vaccinated individual is 0.22 higher than
the non-vaccinated individual in the beginning. Meanwhile, if the
vaccinated individual chooses the non-vaccinated individual to
imitate, the probability of adopting a non-vaccination strategy
for the vaccinated individual is only 9.98% from Eq. 3. On the
contrary, the probability that a non-vaccinated individual will
choose to be vaccinated is 90.02%. Therefore, for Vo=0.2 and a =
0.6, once the vaccinated individuals form clusters (the proportion
of vaccinated individuals in the cluster reaches 0.3 or more), the
strategy of vaccinated individuals will hardly change. The
vaccination behavior also spreads outward from the cluster.
As shown in Figure 3B, some vaccinated individuals change
their strategies in the beginning. Obviously, these individuals are
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Mean of the degree distribution of individuals with statel or
state2 for last 50 time steps in the evolution process of Figure 3 (c).
Depicted results are obtained for y = 0.8, a = 0.2, Vo = 0.2, K= 0.1,
Cy=03 and Cy =1

not in the cluster of vaccinated individuals. However, as the
cluster continues to expand, after the third time step, there are
few individuals that are in statel in the network. Moreover,
vaccinated individuals are constantly generated in the network.
Taken together, this is the reason why the vaccination behavior
can be promoted by moderate strategy conformity in the initial
stage.

As time goes by, the vaccination coverage increases near the
threshold of herd immunity for & = 0.2 in Figure 2A. Also, the
vaccination coverage of the population with weak strategy
conformity fluctuates around the threshold. To explain the
fluctuated vaccination coverage for a low value of a, we
analyze the evolutionary process of the state of individuals in
Figure 3C. As shown in Figure 3C, the number of individuals who
insist on vaccination (state = 0) is increasing at a fast speed in the
initial stage. When the vaccination coverage reaches around the
value of y, one can see that the fraction of individuals in all four
states fluctuates. This is because some individuals frequently
change their strategies between vaccination and non-vaccination.
According to Eqs 2, 3, for the weaker strategy conformity, it is
hard for any individual to resist the temptation to be free-riders
and the benefit of vaccination: When the herd immunity is
achieved, even if the vaccinated individuals obtained the full
conformity benefit, once they choose to imitate the non-
the
probability of the vaccinated individual to be non-vaccinated

vaccinated individuals without conformity benefit,
is 73.21%; when the herd immunity is not achieved, non-
vaccinated individuals with full conformity benefit choose to

imitate a vaccinated individual without conformity benefit, and
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the probability of the non-vaccinated individual to be vaccinated
is 99.91%. As discussed, when the herd immunity is achieved, the
moderate strategy conformity can avoid the emergence of free-
riders. Therefore, for « = 0.6, the proportion of individuals who
persist in vaccinating keeps increasing and eventually reaches
1 in Figure 3B, and vaccinated individuals rarely change their
strategy. In conclusion, for a low initial vaccination fraction, the
weaker stronger conformity has a more positive effect on
vaccination behavior; when the vaccination coverage increases
near the threshold of herd immunity, too weaker conformity
cannot inhibit the emergence of free-riders, and the free-riders
cause the fluctuation in vaccination coverage. According to our
definition of four states, the individual who changes ones strategy
can only be in statel and state2 in Figure 3C. In order to explore
the characteristics of individuals who modify their own strategies,
we further analyze the degree distribution of individuals with
statel or state2 for the last 50 time steps. According to Figure 4,
one can find that individuals who change their strategy almost
always have low degrees.

3.3 The co-effect of strategy conformity
and herd immunity on vaccination
coverage

To better understand the role of the strategy conformity
intensity « and herd immunity threshold y in the vaccination
evolutionary process, we plot & — y phase graphs with different
values of Cy and Vj in Figure 5. One can see that the value of
vaccination fraction can be divided into three phases: the yellow
phase (full vaccination), the green phase (partial vaccination),
and the blue phase (no one vaccinates).

First, one can find that the & — y phase graphs correspond to
different V,, showing obvious differences with the increase in
vaccination cost. For the convenience of analysis, we divide the
initial vaccination fraction into higher initial vaccination fraction
(Vo =
categories. For the lower initial vaccination fraction (as shown

0.2) and lower initial vaccination fraction (V, = 0.6)

in Figures 5A-D), the higher conformity intensity « has strong
inhibition effect on population vaccination behavior. Also, there
is a clear threshold for . When « exceeds this threshold, there are
no vaccinated individuals in the population. The threshold
decreases as the vaccination cost increases. For the higher
initial vaccination fraction (As shown in Figures 5E-H), the
green areas of the a — y phase graphs expand from the lower left
to the upper right as the vaccination cost increases. Obviously,
the vaccination behavior of the population with a higher
immunity threshold y and stronger conformity effect is less
inhibited by the increase in vaccine cost Cy.

Then, a pairwise comparison is made of « — y phase graphs
with the same Cy but different initial vaccination rates. For a
lower initial vaccination fraction, the part of the phase graph
where « is less than the threshold of « is similar to the
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a — y phase graphs, the influence of conformity fraction (a), and herd immunity threshold (y) on the vaccination coverage. The corresponding
value of each point in the figure is the vaccination coverage when the evolution reaches the 100th time step. Cy, is fixed at 1. Other parameters
corresponding to each image are as follows: (A) Vo =0.2and C,=0.1; (B) Vo =0.2and C,,= 0.3; (C) Vo = 0.2and C, = 0.5; (D) Vo = 0.2and C, = 0.7; (E)
Vo=06and C,=01;(F)Vo=06and C,=03;(G) Vo =06and C,=05; (H) Vo=06and C,=0.7.
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Time courses of vaccination coverage in the WS small world network. Vo = 0.2 (A) and V, = 0.6 (B). Depicted results are obtained fory = 0.8, K =
0.1, C,=03 and Cy = 1L

corresponding position of the phase graph with the same Cy and fraction does not affect the final population vaccination coverage.
higher initial vaccination fraction. Therefore, when the value of a We summarize the results in the phase graphs and put forward
is less than the corresponding threshold, the initial vaccination two conclusions: first, for a higher initial vaccination fraction, the
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population which has stronger strategy conformity and higher
herd immunity threshold is more conducive to promoting
vaccination behavior. Second, for a lower initial vaccination
fraction, in order to promote the vaccination behavior, the
conformity effect should be weaker than the threshold of «
and the herd immunity threshold should be higher.

3.4 Sensitivity analysis

We first discuss the results of the model in other network
structures in this part. As shown in Figure 6, the vaccination
games are conducted in the Watts-Strogatz (WS) small-world
network with a population size N = 2000 and the average degree
<k> = 6.Inaddition, the probability of rewiring each link is é in
the network. One can find for the higher initial vaccination
fraction that the evolutionary process of vaccination coverage is
similar to the results in the scale-free network, while for the lower
initial vaccination fraction, vaccination coverage fluctuates
around the herd immunity threshold. Particularly, the
vaccination coverage in the scenario where o = 1 reaches 1 at
about the 700th time step. Then, the evolutionary process of
vaccination coverage in the square network with 2000 nodes and
each node having four neighbors is plotted in Figure 7. The
results show that the vaccination coverage eventually fluctuates
around the herd immunity threshold, whatever the initial
vaccination fraction is, especially for the higher initial
vaccination fraction, the vaccination coverage of some
populations with higher a continues to increase and exceeds
the herd immunity threshold in the beginning. However, the
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effect of strategy conformity is still not enough to completely
inhibit free-riders, and the vaccination coverage of these
populations eventually fluctuates around the herd immunity
threshold.

In the previous section, we assumed that the vaccination
can provide perfect immunity for each season. Here, we also
explored the influence on the imperfect immunity, and the
vaccination coverage for different values of vaccination
effectiveness and « on vaccination behaviors is plotted in
Figure 8. The vaccination effectiveness V, represents the
probability that the vaccination can provide perfect
immunity. For instance, V, = 0.7 means that vaccinated
individuals have a probability of 0.3 not being immunized.
the other
0.3 probability of paying Cy and cannot get Cy. As shown

In words, vaccinated individuals have a
in Figure 8, one can find that more effective vaccination can
have a prominent positive effect on vaccination behavior.

Finally, to verify the generality of the impact of strategy
conformity on vaccination behaviors, when the myopic strategy
updating rule is adopted by the population, the evolutionary
process of vaccination behaviors is plotted in Figure 9. For a <
0.4, one can see that vaccination behaviors in the population
cannot be promoted with an increase in the initial vaccination
fraction. As presented in Figure 1, the modest increase of « can
effectively stabilize the vaccination behavior of the population
and avoid the fluctuation of vaccination coverage near the value
of y.

Interestingly, the result of the low initial vaccination rate
in Figure 9A is similar to Figure 1A. As the value of «

increases, strategy conformity will first promote the
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results are obtained for y = 0.8, K = 0.1, C, = 0.3, and Cy, = 1.

occurrence of vaccination behavior. However, when «
increases beyond a value, strategy conformity inhibits
the

1 increases more slowly than that of &

vaccination behavior. For instance, vaccination

coverage of «
0.8 and «
previous part to explain the evolutionary process of the

0.6. We can still use the conclusions of the

vaccination coverage for a low initial vaccination fraction.
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4 Conclusion

In this study, we have used the spatial evolutionary
vaccination game to explain the influence of strategy
conformity on vaccination behaviors. The observation hints
that the initial vaccination fraction is an important factor in

the dynamics. We have shown that the higher initial
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vaccination fraction remarkably supports the vaccination
behaviors, that is, the population with a higher initial
vaccination fraction would have more vaccinated
individuals when other conditions were the same. In
addition, for the higher initial vaccination fraction, the
population which has a stronger conformity effect and
higher herd immunity threshold is more conducive to
promoting vaccination behaviors. In particular, it is found
that too strong or too weak conformity effect is not conducive
to vaccination behaviors for a lower initial vaccination
fraction. We also analyzed the model sensitivity from the
perspective of network structure and vaccine effectiveness.
Finally, we verified the generality of strategy conformity
influence, and for low initial vaccination fraction, moderate
strategy conformity also had a prominent positive effect on
vaccination behavior in the myopic update rule. The
aforementioned results help understand the impact of
strategy conformity on vaccination behavior. We hope that
the results of this study will aid the vaccination policy-making
including COVID-19.

Meanwhile, we hope that this study can inspire further

for highly infectious diseases,

research on vaccination behavior in complex systems.
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