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Abstract - In this paper, we propose an evolutionary game
model of epidemic vaccination strategies considering neutral
strategy on the homogeneous network. By establishing a state
layer and a strategy layer for each individual in the network,
we conduct an evolutionary game analysis of epidemic
vaccination strategies. Firstly, we take into account various
factors such as vaccination effectiveness, government subsidy
rate, treatment discount rate, vaccination cost and treatment
cost based on the traditional SIR model. We fully analyze
various risk factors affecting vaccination. In the strategy
layer, we introduce a new neutral strategy. Then, we analyze
the proportion of individuals and game benefit of each
strategy and use the mean field theory to establish a dynamic
equation based on the proposed model. Simulation results
show that in order to increase the number of individuals
vaccinated when the network evolution is stable, the
vaccination effectiveness should be increased and vaccination
cost should be reduced. For government decision making,
choosing the appropriate vaccination cost determines
whether the network evolves towards vaccination strategy.

Keywords - Evolutionary game, mean field theory,
neutral strategy, vaccination of infectious disease

I. INTRODUCTION

In recent years, infectious disease models based on
complex networks have attracted the attention of many
researchers. Many researchers have studied the spreading
of epidemic on human contact networks. On human contact
network, nodes correspond to individuals in human society
and edges represent the mutual relationship between
individuals in the contact network. Infectious diseases will
spread along the edge of the network.

For the analysis of infectious disease vaccination
strategy, many researchers have conducted evolutionary
game analysis on different infectious disease models based
on the traditional warechouse model. Liu et al. [1] study the
dynamics of a stochastic delayed susceptible-infected-
recovered (SIR) epidemic model with vaccination and
double diseases which make the research more complex.
Zaman et al. [2] propose a SIR epidemic model which
describes the interaction between susceptible and infected
individuals in a community and analyze the epidemic
model through the optimal control theory and
mathematical analysis. Xu et al. [3] propose a model of
delayed stochastic SIRS type with temporary immunity
and vaccination 1is investigated. Meanwhile, some
researchers analyze the psychological status of strategy
selection. Li [4] et al. proposed an evolutionary vaccination
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game model by integrating the prospect theory (PT), which
accounts for individual subjective perception under
uncertainty. Feng et al. [5] provide a model combining
epidemic dynamics with evolutionary game theory which
captures the voluntary vaccination dilemma. However, the
different social benefits of each strategy also have an
impact on individual strategy choices. For instance,
Ichinose et al. [6] study the effect of social impact on the
vaccination behavior resulting in preventing infectious
disease in networks.

Recently, many researchers have applied evolutionary
vaccination strategies to multi-layer networks to study the
transmission mechanism of infectious diseases and the
evolution of vaccination strategies on multi-layer networks
[7,8]. There is also some work that applies cascading
failures to infectious disease research. For instance, Zhan
et al. [9] propose a nonlinear model to further interpret the
coupling effect based on the susceptible-infected-
susceptible (SIS) model. Hota et al. [10] study decentralized
protection  strategies  against  susceptible-infected-
susceptible epidemics on networks. Taking into account
the interactions and conflicts of interests among egoistic
individuals (nodes) in a network, Li et al. [11] introduce the
zero-determinant (ZD) strategy into the proposed non-
cooperative networking vaccination game with the
economic incentive mechanism to optimize the social cost
against a SIS epidemic process. Si et al. [12] summarize the
reliability optimization problems and methods of complex
systems.

We propose a new model of vaccination strategy
evolution considering neutral strategy by establishing the
state layer and strategy layer of individuals in the network.
We conduct an evolutionary game analysis of vaccination
strategies for infectious diseases with neutral strategy.
Firstly, different from the traditional SIR model, we have
considered factors such as vaccination effectiveness,
government subsidy rate, epidemic discount rate,
vaccination cost and treatment cost. And we analyze these
various risk factors affecting vaccination. Meanwhile, in
the strategy layer, we introduce a new neutral strategy.
Neutral strategy holders adopt a bystander attitude towards
vaccination and adjust their strategies based on factors such
as the impact of infectious diseases and their own interests.

We analyze the proportion of individuals and game
benefit of each strategy. Then we use the mean field theory
to establish dynamic equations based on the proposed
model. We conduct a numerical analysis of factors in the
form of a heat map. The simulation results show that in
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order to increase the number of people vaccinated when the
network evolution is stable, the vaccination effectiveness
should be increased and the cost of vaccination should be
reduced. And when the cost of vaccination increases, the
network gradually evolves towards neutral strategy.

II. METHODOLOGY

A. Assumptions

Based on the traditional SIR model, we have
considered factors such as vaccination effectiveness,
government subsidy rate, treatment discount rate,
vaccination cost and treatment cost. We fully analyze
various risk factors affecting the evolution of vaccination
strategy. Meanwhile, in the strategy layer, we add a new
neutral strategy. Neutral strategy holders adopt a bystander
attitude towards vaccination and adjust their strategies
based on factors such as the impact of infectious diseases
and their own interests. Before presenting our model, we
make the following assumptions about the model:

1) We don’t consider the natural birth rate and natural
mortality rate of the population in the network. And the
number of people in the population is large enough.

2) We assume that once the individual is vaccinated,
the effective period of the vaccination is long-term, which
is greater than the individual's life span.

3) We assume that the recovered individuals get
permanent immunity and will not become susceptible.

4) We assume that there are no side effects after
vaccination.

5) We assume that the virus has no incubation period.
And infected individuals show symptoms of the disease
within a short time after infection.

B. Infectious Disease Vaccination Model

We define two attributes for each individual in the
network. One attribute is the state of each individual and
the other attribute is the strategy of each individual. In the
state layer, there are three states, including susceptible,
infected and remover (or recovered) state. The susceptible
individuals will be infected with the infectious disease with
a certain probability . Once an individual becomes
removed or recovered, the individual leaves the system. In
the strategy layer, each individual has three strategies for
whether to be vaccinated, including the vaccination
strategy, the non-vaccination strategy and the neutral
strategy. Individuals will consider various risk factors
when deciding on vaccination strategies, including
treatment cost, vaccination cost, government subsidy rate,
treatment discount rate and vaccination effectiveness.
Neutral strategy means that the individual takes neither
vaccination strategy nor non-vaccination strategy, but a
wait-and-see attitude. Once any party is found to be
profitable, it will change its strategy.
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Fig. 1. Infectious disease vaccination model

In Fig. 1, S(t),I(t),R(t) and V(t) represent the
proportion of susceptible, infected, removed and
vaccinated effectively individuals, respectively in the
network at time t. Vs(t) represents the proportion of
individuals vaccinated in the network at time t. Ng(t)
represents the proportion of individuals who hold a neutral
strategy in the network. And Us(t) represents the
proportion of individuals who do not receive the vaccine.
At the initial moment, each individual will measure
whether to be vaccinated based on various risk factors such
as vaccination cost, treatment cost and so on. We assume
that in the susceptible group, u,,u,andu; represent the
proportion of individuals who adopt vaccination strategy,
neutral strategy and non-vaccination strategy, respectively.
We use e to denote the effectiveness of the vaccine. Then
if the vaccine is ineffective, the vaccinated individuals will
be infected by the neighbor nodes in the proportion of (1 —
e)PV (t)I(t) and become the infected individuals. If the
vaccine is ineffective and vaccinated individuals are not
infected by the neighbor nodes, they will maintain a
healthy state and become susceptible in the proportion
of (1—e)(1—p)V(t)I(t) . Taking the homogeneous
network as the research object, we obtain the following
dynamic equations.

Bl - (1 - 91 - HUVOI0) ~ 1,50 ~ 1,50 ~ 0O
YO _ (1 - ypatcov 1) + B> 1O WN(®) + Us(0)) - uI(0)
dR()

—dg(tt) =ul(t)

— = evs® (€Y

where <k> represents the average degree of the
homogeneous network.

C. Vaccination Model Considering Individual Benefit

In each round of the game, we consider the influencing
factors affecting evolutionary vaccination strategy game,
including vaccination effectiveness e, government subsidy
rate s, treatment discount rate d, vaccination cost C,; and
treatment cost C;. Because vaccination has the risk of being
ineffective. And considering vaccination cost, some
individuals will choose not to be vaccinated.

If node i is vaccinated and the vaccine is effective,
then node i only needs to pay the cost of vaccination Cy,. If
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the vaccination of node i is ineffective and not infected,
then the government will compensate for the cost at a
certain subsidy rate. At this time, the cost that node i needs
to pay is (1 —s)C, . If the vaccination of node i is
ineffective andnode i is infected by the adjacent node, then
both the cost of vaccination and the cost of treatment need
to be paid. In the end, the cost that nodei needs to pay is
(1 -s)Cy, —dC,.

If node i adopts a non-vaccination strategy and is
infected, the treatment cost C; needs to be paid. If node i
adopts a non-vaccination strategy but is not infected, then
only the cost SC; is needed. Without vaccination, the node
has a tendency to avoid the risk of infection, which will
affect its social and economic activities. We assume that
the cost of such individuals is proportional to the treatment
cost and the scale factor is 3.

There is another type of node that adopts a neutral
strategy. Individuals who adopt neutral strategy have a
bystander attitude towards vaccination. We assume that at
time t, the proportion of the individuals who choose the
vaccination strategy is x. The proportion of individuals
who choose the neutral strategy is y. And the proportion of
individuals who choose not to be vaccinated is z. The
vaccination effectiveness ise, the government subsidy rate
is s and the treatment discount rate is d. In real life, if node
i is an uninfected individual, the probability of being
infected should be related to the number of effectively
vaccinated individuals in its neighbors. At this time, the
probability of node i being infected is A(x). So the benefit
of individuals under different strategies is shown in Table
[J and the proportion of individuals under different
strategies is shown in Table [].

Table [ INDIVIDUAL BENEFIT UNDER DIFFERENT STRATEGIES

Strategy/State Healthy Infected
Effective vaccination —Cy(EVH)
. L —(1-s)Cy, —(1-1s)C, —d¢;
Ineffective vaccination (IVH) (V1)
Neutral —ofBC,(NH) —oC;(NI)
Unvaccinated —pC,(UH) —C,(UI)

Table C) PROPORTION OF INDIVIDUALS UNDER DIFFERENT

STRATEGIES
Strategy/State Healthy Infected
Effective vaccination xe
Ineffective vaccination x(1—-e)(1-1(x)) x(1—e)A(x)
Neutral y(1—2A(x)) yA(x)
Unvaccinated z(1-A(x)) zA(x)

We use m, to represent the average benefit of all
individuals who choose the vaccination strategy in the
network. Ty represents the average benefit of individuals
who choose the neutral strategy in the network. my
represents the average benefit of individuals who choose
not to be vaccinated in the network. m, represents the
average benefit of all individuals in the network.
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my = xe(—Cy) + x(1 — e)A(x)(—(1 — s)C, — dC)) +
x(1—e)(1 =) (=1 —s)Cy)

y = y(1 = A(x))(—aBC)) + yA(x)(—aC))

my = z(1 = A(x))(=BC;) + zA(x)(—C))

Ty = XTIy + Yy + 2y (2)

III. RESULTS

We use the Fermi Update Rule as the policy update
rule for individuals in the network, and then establish the
dynamic equations.

A. Policy Update Rule

Considering that game players with limited rationality
also make certain mistakes when making strategic
adjustments, the Fermi update rule allows irrational
probabilistic imitation, which introduce noise parameters
into the policy adjustment to characterize the irrational
choices of game individuals and their motivations The
learning mechanism is that the game individual obtains
game benefit by playing games with all its neighbors.
When a game individual i wants to update its own game
strategy, it randomly chooses its own neighbor j to
compare the benefit. The probability that the individual i

will adopt the strategy of neighbor j in the next game as
1
benefits obtained by individuals i and j in this game,
respectively. k(x = 0) characterizes the noise effect,
which means that individuals are allowed to make
irrational choices. That is, those strategies with lower
benefits still have a small probability of being adopted by

individuals with higher returns. So we can get

Picj = where m; and m; represent the

Plcjy =1/ + ey 3)
Picjy =1/ + ey 4)
Phejy = Pacjy=1/(1+e™ ™y —1/(1 +

e(ﬂi—ﬂj)/K) (5)

We make Taylor expansion of the above formula to get
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Fig. 2. The original function curve and its Taylor expansion curve of
Fermi process

From Table (1, we can see that the value range of the
benefit of individual i is 0 < m; < 2. So the value range of
the difference between the benefit of individual i and jis
—2 < m; —m; < 2. From the Fig. 2above, we can see that
the original function curve and its Taylor expansion curve
of the Fermi process almost overlap in the interval [—2,2].
And they are almost linearly distributed. So here we use
Taylor expansion form instead of the original function for
calculation.

B. Evolutionary Dynamic Equations

Evolutionary stabilization strategies and replicating
dynamic equations are the core concepts of evolutionary
game theory, reflecting stable states and dynamic processes
converging to such stable states, respectively. The criterion
of evolutionary stability emphasizes the role of variation in
evolution and the dynamic equations emphasize the role of
choice.

% = xye(1 - A(x))(P(NH « EVH) — P(EVH « NH))
+xyed(x)(P(NI « EVH) — P(EVH « NI))

+xze(1 — A(x))(P(UH « EVH) — P(EVH « UH))
+xzeA(x)(P(Ul « EVH) — P(EVH « UD))

+xy(1 — e)(1 — A(x))*(P(NH « IVH) — P(IVH « NH))
+xy(1 —e)(1 — A(x))A(x)(P(NI « IVH) — P(IVH « NI))
+xz(1 - e)(1 = A(x))*(P(UH « IVH) — P(IVH « UH))
+xz(1 — €)(1 — 2(x))A(x)(P(UI « IVH) — P(IVH « UD))
+xy(1—e)(1 — A(x))A(x)(P(UH « IVI) — P(IVI « UH))
+xy(1 — e)A(x)?(P(NI « IVD) — P(IVI « NI))

+xz(1 — €)(1 — 2(x))A(x)(P(UH « IVI) — P(IVI « UH))
+xz(1 — e)A(x)?(P(UI « IVI) — P(IVI « UI))

= gx(yCV + zCy — fzC; — AzC; — syCy — szCy + [Az(,;
+dAyC; + dAzC; — BoyC; + esyCy + eszCy — yAaC,;
—ydeAC; — zdeAC; + ySAaC)) @)

Similarly, we can get

2—3; = —gy(xCV +zpC; + zAC; — xsCy + xdAC; —

zBAC; — zfoC; + xesCy — xAaC; — zAaC; — xdeAC; +
xBAaC, + zBAcC)) ®)

% = —gz(xCV —xpC; —yBC; — xAC; — yAC, — xsCy +
xPAC, + yBAC, + xdAC; + yBoC; + xesCy + yAaC; —

xdeAC;, — yBAaC)) 9)

In real life, if node i is a susceptible individual, the
probability of being infected should be related to the
number of effectively vaccinated individuals in its
neighbors. So the expression of A(x)is as follows.

Ax) =1— (1 —p)<k>ex 5- ex<k>In(1— B)
—~e2x2<k>2In((1 - £)?) (10)

where TE means Taylor expansion.
IV. DISCUSSION

For the partial differential equation above, we plot the
proportion of individuals with a neutral strategy and the
proportion of individuals vaccinated. We set C; = 1.0,e =
099, =0.5,0 =05<k>=6,k=0.1,d=5=0.1
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Fig. 3. Evolution map of vaccination strategy and neutral strategy

From the Fig. 3, we can find that when C;, = 0.2 or
0.55, individual strategies in the network evolve towards
vaccination strategies. When C, = 0.8 , individual
strategies in the network evolve towards the neutral
strategy. Overall, when the cost of vaccination increases,
the network gradually evolves towards neutral strategy.
Because with the increase of the vaccination cost, the
relative benefits of individuals vaccinated compared with
non-vaccinated individuals are getting less and less, which
make the majority of individuals hold a free-rider
mentality.

As can be seen from the Fig. 4, in order to increase the
proportion of people vaccinated when the network
evolution is stable, vaccination effectiveness can be
increased and vaccination cost can be reduced.
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Fig. 4. Heat map of the proportion of individuals Vaccinlated when
evolution is stable

Meanwhile, by increasing the government subsidy
rate, individual strategies are more conducive to
transformation to neutral strategy when evolution is stable.

V. CONCLUSION

We propose a new model of vaccination strategy
evolution. By establishing the state layer and strategy layer
of individuals in the network, we conduct an evolutionary
game analysis of vaccination strategies for infectious
diseases with neutral strategies. Firstly, based on the
traditional SIR model, we fully consider various risk
factors such as vaccination effectiveness, government
subsidy rate, epidemic discount rate, vaccination cost and
treatment cost. Meanwhile, in the strategy level, we
introduce a new neutral strategy. Neutral strategy means
that individuals take a bystander attitude toward
vaccination and adjust their strategies based on factors such
as the external response to infectious diseases and their
own interests. Then based on the proposed model, we
analyze the proportion and game benefit of each strategy.
Next we use the mean field theory to establish dynamic
equations. We use the heat map to numerically analyze the
factors. Simulation results show that in order to increase
the number of individuals vaccinated when the network
evolution is stable, the vaccination effectiveness can be
increased and vaccination cost can be reduced. Meanwhile,
by increasing the government subsidy rate, individual
strategies are more conducive to transformation to neutral
strategies when evolution is stable. In actual social
networks, the intimacy between people is different. The
intimacy between people in social networks corresponds to
the weight of the edges in complex networks. And a
network is not static in reality. Its structure will change
with the movement of nodes. Therefore, it is necessary to
analyze the evolution mechanism of epidemic in weighted
networks and in dynamic networks.
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