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Abstract Since the outbreakof coronavirus disease in
2019 (COVID-19), the disease has rapidly spread to the
world, and the cumulative number of cases is nowmore
than 2.3 million. We aim to study the spread mecha-
nism of rumors on social network platform during the
spread of COVID-19 and consider education as a con-
trol measure of the spread of rumors. Firstly, a novel
epidemic-like model is established to characterize the
spread of rumor, which depends on the nonautonomous
partial differential equation. Furthermore, the registra-
tion time of network users is abstracted as ‘age,’ and
the spreading principle of rumors is described from two
dimensions of age and time. Specifically, the suscep-
tible users are divided into higher-educators class and
lower-educators class, in which the higher-educators
class will be immune to rumors with a higher proba-
bility and the lower-educators class is more likely to
accept and spread the rumors. Secondly, the existence
and uniqueness of the solution is discussed and the sta-
bility of steady-state solution of the model is obtained.
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Additionally, an interesting conclusion is that the edu-
cation level of the crowd is an essential factor affecting
the final scale of the spread of rumors. Finally, some
control strategies are presented to effectively restrain
the rumor propagation, and numerical simulations are
carried out to verify the main theoretical results.
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1 Introduction

Since December 2019, a number of unexplained pneu-
monia cases have been discovered by some hospitals
in Wuhan, Hubei Province, China, and have been con-
firmed as acute respiratory infections caused by coro-
navirus disease in 2019 [1]. On February 11, 2020,
theWorld Health Organization (WHO) named a coron-
avirus disease 2019 as ‘COVID-19.’ So far, there have
been 2,335,180 patients with COVID-19 worldwide,
and 161,491 have died (latest data as of writing time
April 20th 17:05, 2020 [2]). The case data of the world
top six most affected countries on April 2, 2020, and
April 20, 2020, are shown in Table 1. The COVID-
19 has spread globally, seriously endangering people’s
lives and health, and leading to a huge impact on the
economy, education and daily life of various countries.
At present, only some provinces in China have resumed
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Table 1 Case data of the world top six most affected countries

Outbreak area Date Newly increased Active Confirmed Recovered Deaths

USA April 2, 2020 22,741 202,803 216,515 8593 5119

April 20, 2020 23,704 653,286 765,069 71,196 40,587

Italy April 2, 2020 4785 80,572 110,574 16,847 13,115

April 20, 2020 3047 108,257 178,972 47,055 23,660

Spain April 2, 2020 6256 72,084 104,118 22,647 9387

April 20, 2020 4258 98,771 200,210 80,587 20,852

Germany April 2, 2020 6009 58,350 77,981 18,700 931

April 20, 2020 1460 44,686 146,551 97,157 4780

France April 2, 2020 4861 42,665 57,763 11,055 4043

April 20, 2020 1119 97,170 154,097 37,183 197,44

United Kingdom April 2, 2020 4324 27,329 29,865 179 2357

April 20, 2020 5850 104,453 121,173 625 16,075

physical teaching for students in junior and high school
graduation years, while students from colleges, univer-
sities, and elementary schools across the country are
taking online courses. In the last few days, the Min-
istry of Education of China informed that the national
unified examination for admissions to general univer-
sities and colleges is delayed by one month [3]. The
International OlympicCommittee officially announced
in a statement that the Tokyo 2020 Olympics will be
celebrated from July 23 to August 8, 2021 [4].

During the spread of epidemic, national medical
staff, scientific research teams, and epidemiological
research experts are all struggling to contribute to the
fight against the epidemic and have achieved very
important results in China. Many important treatment
methods and theoretical results will provide valuable
experience for the world. The team led by Academi-
cian Zhong Nanshan pointed out in the medical paper
[5] that the median incubation period of the new coro-
navirus is 3 days, with a minimum of 0 days and a
maximum of 24 days. On February 11, 2020, Yang et
al. took 8866 patients as a research sample and reached
an important conclusion that the estimated basic repro-
ductive number R0 = 3.77 [6]. Another estimate of
R0 = 2.7 was also based on surveillance data, but
the methodology was different from [7]. The basic
reproductive number is a mathematical concept of epi-
demic dynamics, which represents the number of peo-
ple infected by a patient during their average illness
period. The team of Professor Xiao of Xi’an Jiaotong
University put forward a concept ofmean control repro-

ductive number [8]. This concept is novel and provides
a new theoretical analysis method for the later stage
of epidemic dynamics. Since the article was published
early in the epidemic and the amount of data is not
comprehensive, theR0 calculation was not recognized
by the academic community. However, the epidemic
model proposed by epidemiologists can characterize
the transmission mechanism of epidemic and predict
the final scale of the disease, and then provide valuable
guidance for the overall epidemic prevention work of
our society. More relevant research results can also be
found in the latest literature [9,10].

Nowwe are in an era of the Internetwith information
explosion. Information is speeding quickly and in vari-
ous forms.Currently, popular and active social software
worldwide includes WhatsApp, Facebook Messenger,
Network platform, Instagram, QQ, Twitter, Line, etc.
There are hundreds of millions or even billions of reg-
istered users of these social software. For example, the
registered number of WhatsApp has exceeded 1.5 bil-
lion [11]). As a platform for free speech, the Internet
has also become ameans of disseminatingmany online
rumors and even affected the stability of society. In par-
ticular, during the epidemic, the spread of some uncon-
firmed news caused social panic and disrupted normal
life order. For example, on January 31, some media
reported that theChinese patentmedicine Shuanghuan-
glian oral solution can inhibit the new coronavirus [2].
After the news was released, some Shuanghuanglian-
related products in some domestic pharmacies were out
of stock, causing market confusion. On March 9, the

123



Spread mechanism and control strategy of social network rumors 1935

newsof ‘Universities andmiddle schools inBeijingwill
open on April 6 and elementary schools and kinder-
gartens will open on April 20’ was circulated among
multiple network platform groups and friends. How-
ever, on the evening ofMarch 11, theBeijingMunicipal
Education Commission made it clear that this is a false
message [12]. In addition, some people spread rumors
on the Internet that the price of daily necessities will
increase sharply, causing some citizens to snap up liv-
ing supplies, thus causing market chaos. Such events
are endless. The spread of rumors disturbed people’s
sight and caused extremely bad influence.

Combinedwith the information dissemination prop-
erties of the network platform, the number of friends
of a user is an important factor affecting the spread
of rumors. The number of user friends determines the
user’s ability to spread information (rumors). This is
based on a reasonable hypothesis that the number of
friends of a user is mainly determined by the length of
registration. Therefore, longer registration time forms
larger friend cycle and further creates greater rumor
impact. If the user’s registration time is abstracted as
‘age,’ the spreadingmechanismof the rumor on the net-
work platform can be characterized by the SIR model
with the ‘age’ structure. Considering the above analy-
sis, for the rumor propagation features of the network
platform, we establish a SIR model with ‘age’ struc-
ture of spread rumors. The ignorants are divided into
those with higher education level and lower education
level, and short-term online education is carried out.
The main contributions of this paper are summarized
as follows

(1) Considering that different users have different reg-
istration times which leads to different abilities to
spread rumors, we denote ‘age’ as the user’s regis-
tration time as an important variable factor. Unlike
previous models, the distance between the geo-
graphic location of a user and the rumor source
is taken as an important factor [13].

(2) Considering that the education level of the indi-
vidual has an important influence on the spread of
rumors, the users are divided into two categories
according to their educational level.Comparedwith
treating all users as ignorant [14], it can describe the
spreading rules of rumors more reasonably.

(3) The improvement in education level requires a long
period.Ourmodel first introduces short-termonline
education and quantitatively analyzes its inhibitory

effect on the spread of rumors. This will be an
important means to effectively control the spread
of rumors.

In this paper, we will propose a novel epidemic-
like model to quantitatively describe the law of rumor
spread and then consider education as a controlmeasure
of the spread of rumors. The remainder of this paper
is organized as follows. In Sect. 2, the latest achieve-
ments of rumor propagation research are reviewed. The
establishment of rumor propagationmodel is described
in Sect. 3. In Sect. 4, we analyze dynamic behavior of
the model. In Sect. 5, due to the spread of rumors, the
importance of education is summarized and some sug-
gestions are given. The numerical simulations are intro-
duced in Sect. 6. Some brief conclusions are presented
in Sect. 7.

2 Related work

Rumors refer to remarks that have no corresponding
factual basis but are fabricated and promoted through
certain means [15,16]. In the past few years, we have
seen many examples of rumors that have a huge neg-
ative impact, and these rumors are often accompa-
nied by major accidents. As an example, in April
2013, many rumors about the H7N9 epidemic were
spread throughout China, which triggered the great
panic among the masses and even posed a threat to
social stability [17]. With the rapid development of
information technology, rumor propagation is mainly
carried by social media rather than traditional word of
mouth. Network platform is the most popular social
media platform in China with the largest number of
users. In the second quarter of 2019, the monthly
active users of WeChat platform had reached 1.13 bil-
lion [18]. Although the emergence of network platform
allows people to communicate easily, it also makes the
rumors spread uncontrollably in the circle of friends.
Therefore, it is extremely meaningful to study the
mechanism of rumor propagation on the network plat-
form and propose an approach to effectively suppress
the spread of rumors.

The spreadof rumors in social networks has attracted
widespread attention from scholars at home and abroad
[19,20]. In particular, a series of rumor spreading
models based on the SIR dynamics model of infec-
tious disease transmission have achieved fruitful results
in theoretical research. In 1960, the DK model, the
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earliest rumor spreading model, was developed by
Daley and Kendal [21]. In this model, the popula-
tion is divided into three categories, namely Igno-
rant, Spreader, and Stifler, corresponding to suscep-
tible, infected, and removed people in the infectious
disease model. Afterward, Maki et al. [22] proposed
an additional hypothesis to improve the DK model and
formed the MT model. Because the DK and MT mod-
els are only applicable to small-scale social networks
and do not take into account the topological properties
of the networks, these classical propagation models are
not sufficient to adapt to complex social interaction sys-
tems.

In small-world networks, Zanette [23] first com-
bined the complex network with the rumor propa-
gation model to analyze the dynamic behavior of
rumor spreading. Furthermore, the author considered
the topological properties of underlying network and
put forward a useful stochastic approach on a scale-
free network [24]. On the basis of complex networks,
a series of studies on different mechanisms in the
spreading of rumors have received sustained attention.
Nekovee et al. [25] introduced the forgetting mecha-
nism into the SIR rumor spreading model, arguing that
rumor spreaders might forget the rumors and turn them
into immune. In this model, the forgetting rate is con-
sidered as a constant, but Zhao et al. [26] proposed that
the forgetting rate is a function that changes with time.
The trust mechanism established between the ignorant
nodes and the spreader nodes was proposed by [27].

Combining the research results of the above litera-
ture, the stifling rate, the forgetting rate and the trust
rate are three crucial factors that affect the spread of
rumors. However, there is very little literature regard-
ing the impact of the educational level of ignorant on
the spread of rumors. In practice, the education level
of ignorant is the most significant factor affecting their
ability to judge rumor. Particularly, based on the SIR
model, Afassinou [28] introduced a SEIRmodel apply-
ing a forgetting mechanism and a factor of the edu-
cational level of the population. His research demon-
strated that increasing the educational level of the pop-
ulation promotes the termination of rumor communica-
tion. Nevertheless, unfortunately, the education level of
the ignorant with lower education cannot be improved
in a short period of time, but to prevent the spread of
rumors, it is necessary to takemeasures for the ignorant
of lower education, such as short-term online educa-
tion.

On the other hand, the rumor spreadingmodelsmen-
tioned above are based on the classical SIR model of
ordinary differential equations (ODE), which consid-
ers that the number of the ignorants, the spreaders and
the stiflers are only a function of time t . In the new
media era, the study of rumor spreading models needs
to combine the characteristics of social software to dis-
seminate information. Zhu et al. [29] pointed out that
with the rapid development of mobile communication
devices, the traditional ODE-based rumor propagation
model may not be suitable for describing rumor spread
in online social networks. According to partial differ-
ential equation (PDE), Wang et al. [30] further pro-
posed a linear diffusive model to understand the dif-
fusion process of information in both temporal and
spatial dimensions. Zhu et al. [31] investigated a PDE
mathematical model that considers a delayed feedback
controller, which effectively controls the diffusion of
adverse information in online social networks. Zhu et
al. [32] proposed a delayed reaction–diffusion rumor
propagation model based on partial differential equa-
tions, and they obtained the local stability of equilib-
rium point and the condition of Hopf bifurcation. The
exact solutions and nonlinear dynamics are of impor-
tance for the study of partial differential equations [33–
37]. Some results have been derived recently for kinds
of nonlinear partial differential equations [38–42]. On
the basis of the model established by partial differen-
tial equations, scholars believe that rumor spread is not
only related to time but also to space [43,44]. Thus, it
is more reasonable to study the rumor spread mecha-
nism from both temporal and spatial dimensions than
the ODE-based model.

For spatiotemporal dynamics of rumor propaga-
tion, we hold different views from the literature [29–
32,43,44]. We believe that in the instant messaging
network platform, the distance from the information
source is irrelevant. Instead, the ability of platform
users to spread information is more important, such
as the number of friends a user has. In the next section
of the model establishment process, we will elaborate
on our views.

3 Mathematical modeling

This paper uses the network platform as a research car-
rier to study rumor spreading mechanism. We assume
that N (t) is the number of network platform users at
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BA

Fig. 1 The influence weight of users

time t . For two users A and B, the number of friends
they have has a distinct influence on the spread of rumor
spreading, as illustrated in Fig. 1. The arrow indicates
the direction in which the information can be trans-
mitted. Any user can be either a communicator of the
message or a receiver of the message. Users who are
connected in a straight line are usually not online for
a long time and do not participate in any interaction
on the platform which is referred to as inactive users.
Obviously, the impact of A users posting a message is
greater than that of B users.

We abstract the ability of a user to distribute mes-
sages as influence weights, which are usually related
to the number of friends they have (especially active
users). If the variable y represents the influence weight
of the user, the total number of users can be regarded as
a bivariate distribution function for time t and weight
y. Usually, users with long registration time have more
friends, and the spreading influence is greater. Let a
be the duration of the network platform user’s registra-
tion, we define a as the age of the user. In this paper,
we always have the following assumption

Assumption 1 The influence weight of network plat-
form users is positively related to the duration of the
network platform user’s registration. That is, y = ka,
k > 0, a ∈ [0, M], where M is a network platform user
expiration date (maximum age).

Based on Assumption 1, the total number of N
can be expressed as the bivariate distribution function
N (a, t) with age structure a at time t . Assume that the
number of users is a constant, there is no new user reg-
istration, and there are no inactive users (or logout).
Within the time interval [t, t + dt], it is obvious that
the equation dt = da is satisfied; that is, the incre-
ment of time is equal to the increment of age. At time
t + dt , the number N (a, t + dt) da of users with age

in interval [a, a + da] should be equal to the number
N (a − dt, t) da of at the time t with age in interval
[a − dt, a + da − dt]. Then, we have
N (a, t + dt) da = N (a − dt, t) da.

Therefore, applying the Taylor formula of the binary
function to the above, the following equation can be
derived

∂N (a, t)

∂t
+ ∂N (a, t)

∂a
= 0, N (0, a) = N0(a).

In fact, a social platform has new users registered all the
time, and some users leave or become inactive users.
A similar set of first-order nonlinear partial differential
equations has been used to model population dynamics
of sickle cell anemia, a genetically inherited disease
[45]. In the next subsection, we discuss the impact of
these two scenarios on the total number of users.

3.1 New user registration

Assuming the registration rate of the network platform
is α(a), the total number of users registered in the time
interval [t, t + dt] is(∫ M

0
α(a)N (a, t) da

)
dt.

On the other hand, the total number of users registered
in the time interval [t, t + dt] should be equal to the
total number of users with age in interval [0, dt]; then,
we have

N (0, t)dt =
(∫ M

0
α(a)N (a, t) da

)
dt. (1)

The above formula gives the calculation method of
the number of new users registered to the network plat-
form, which is equivalent to the input item. With the
continuous input of new users, some users never partic-
ipate in the dissemination of information and become
inactive users. Such a user needs to be regarded as an
invalid user and cannot be counted.

3.2 The presence of inactive users

Assume that μ(a − da) is the probability that a user
with age in the interval [a−dt, a] becomes an inactive
user per unit time. In the time interval [t, t + dt], the
number of users whose age increases from [a − dt, a]
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Fig. 2 Rumor spreading
process

α(a)Sl(a,t)da

α(a)Sh(a,t)da
Sh(a,t)

I(a,t) R(a,t)
Sl(a,t)

λl(a,t)Sl

βh(a)Sh

δ(a)I

λh(a,t)Sh

βl(a)Sl +γl(a)Sl  
μ(a)Sl

μ(a)Sh

μ(a)I

μ(a)R

to [a, a+da] isμ(a−da)dt N (a, t) da. Therefore, we
get

N (a − dt, t) da − N (a, t + dt) da

= μ(a − da)dt N (a, t) da

where we assume that the inactive network platform
users have no effect on the entire information circle
and are not counted in the total number of users. Using
the Taylor formula to expand the two ends of the above
equation and discard the high-order terms, we obtain[

N (a, t) − ∂N

∂a
dt

]
−

[
N (a, t) + ∂N

∂t
dt

]

= [μ(a) − μ′(a)da]dt
[
N (a, t) − ∂N

∂a
dt

]
.

Noticing dt = da and omitting the term of (dt)2, we
get the following partial differential equation

∂N (a, t)

∂a
+ ∂N (a, t)

∂t
= −μ(a)N (a, t). (2)

The initial conditions corresponding to above equation
are

N (a, 0) = N0(a), (3)

where N0(a) represents the distribution density of the
initial user. Synthesizing (1), (2), and (3), a partial dif-
ferential equation (PDE) model of network platform
users development is obtained as follows⎧⎨
⎩

∂N (a,t)
∂a + ∂N (a,t)

∂t = −μ(a)N (a, t),
N (a, 0) = N0(a), a ≥ 0,

N (0, t) = ∫ M
0 α(a)N (a, t) da, a ≥ 0.

(4)

We subdivide the network platform users into three
different classes. And let S(a, t), I (a, t) and R(a, t)
be the age densities of, respectively, the ignorant users,
spreading users and immune users at time t . Further-
more, we divide the susceptible users into higher-
educators class Sh(a, t) and lower-educators class

Sl(a, t). Obviously, the relationship between the num-
ber of different classes of users and the total number of
users is formulated as follows

Sh(a, t) + Sl(a, t) + I (a, t) + R(a, t) = N (a, t). (5)

3.3 Rumor spreading process

The main process of rumor spreading on network plat-
form is shown in Fig. 2. The force of spreading for the
spreaders rumor denoted by λh(a) and λl(a) is defined
by [46–48]

λh(a, t) = kh(a)

∫ +∞

0
σ(a)I (a, t) da,

λl(a, t) = kl(a)

∫ +∞

0
σ(a)I (a, t) da,

where σ(a) is age-specific spread rate, kh(a) and
kl(a) are age-specific contact rates that spreaders con-
tact higher-educator users and lower-educator users,
respectively. The others major parameters are given in
Table 2.

All parameters are evaluated in the interval [0, 1],
satisfying 0 ≤ λl(a)+βl(a) ≤ 1, 0 ≤ λh(a)+βh(a)+

Table 2 Major parameters

βh(a) The probability that higher-educator
individual becomes a immune

βl (a) The probability that lower-educator
individual becomes a immune

γl (a) The probability that lower-educator
individual becomes a immune through
online short-term education

δ(a) The probability that a rumor spreader will
give up the spread of rumors becomes a
immune (see [43])

μ(a) The probability that a user becomes a
inactive user
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γl(a) ≤ 1, λl(a) ≥ λh(a) and βl(a) ≤ βh(a). When an
ignorant user contacts a spreader, who will become a
spreader by listening to rumors or become an immune
user by being able to recognize the truth. Of course,
education is the key factor that determines whether
an ignorant user can recognize rumors. Based on this
inspiration, we introduce a short-term network educa-
tion control mechanism γl(a) for the ignorant users
with low educational level. There are two factors that
either the rumor becomes outdated or the spreader loses
interest in the rumor, which causes the rumor spreader
to become an immune. Under the above assumptions,
the spread of the rumor can be described by the follow-
ing partial differential equations⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂Sh(a,t)
∂t + ∂Sh(a,t)

∂a = −[λh(a, t) + βh(a)]Sh
−μ(a)Sh,

∂Sl (a,t)
∂t + ∂Sl (a,t)

∂a = −[λl(a, t) + βl(a)

+γl(a)]Sl − μ(a)Sh,
∂ I (a,t)

∂t + ∂ I (a,t)
∂a = λh(a, t)Sh + λl(a, t)Sl

−μ(a)I − δ(a)I,
∂R(a,t)

∂t + ∂R(a,t)
∂a = βh(a)Sh + [βl(a) + γl(a)]Sl

−μ(a)R + δ(a)I,
Sh(a, 0) = Sh0(a), Sl(a, 0) = Sl0(a),

I (a, 0) = I0(a), R(a, 0) = R0(a),

Sh(0, t) = ∫ M
0 α(a)N (a, t) da,

Sl(0, t) = ∫ M
0 α(a)N (a, t) da,

I (0, t) = 0, R(0, t) = 0.

(6)

We assume that the total number of users of the network
platform is an equilibrium, and the number of newly
registered users per unit time is equal to the number of
inactive users. This means that∫ +∞

0
α(a)e− ∫ a

0 μ(τ) dτ da = 1, and N (a, t) = N (a).

We introduce four new variables as follows

sh(a, t) = Sh(a, t)

N (a)
, sl(a, t) = Sl(a, t)

N (a)
,

i(a, t) = I (a, t)

N (a)
, r(a, t) = R(a, t)

N (a)
.

It is easy to obtain that sh(a, t) + sl(a, t) + i(a, t) +
r(a, t) = 1 and

λh(a, t) = kh(a)

∫ +∞

0
σ(a)N (a)i(a, t) da,

λl(a, t) = kl(a)

∫ +∞

0
σ(a)N (a)i(a, t) da.

Then, model (6) can be rewritten as follows⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂sh(a,t)
∂t + ∂sh(a,t)

∂a = −[λh(a, t) + βh(a)]sh,
∂sl (a,t)

∂t + ∂sl (a,t)
∂a = −[λl(a, t) + βl(a) + γl(a)]sl ,

∂i(a,t)
∂t + ∂i(a,t)

∂a = λh(a, t)sh + λl(a, t)sl − δ(a)i,
∂r(a,t)

∂t + ∂r(a,t)
∂a = βh(a)sh + [βl(a) + γl(a)]sl

+δ(a)i,
sh(a, 0) = sh0(a), sl(a, 0) = sl0(a),

i(a, 0) = i0(a), r(a, 0) = r0(a),

sh(0, t) + sl(0, t) = 1, i(0, t) = r(0, t) = 0.

(7)

To facilitate the study, we normalized model (6) and
converted it into model (7). The two models are equiv-
alent. In the next section, we will do a comprehensive
analysis of the dynamic behavior of model (7).

4 Existence and stability of solution

To study the dynamics of the model, the global exis-
tence of the solution should be ensured firstly. This is
also a necessary condition to verify the rationality of
our proposed model. In the next subsection, we will
prove the existence and uniqueness of solution.

4.1 Existence and uniqueness of solution

Consider the initial boundary value problem of model
(6) as an abstract Cauchy problem on the Banach space
X := L1(0, M; C2) that is the set of equivalence
classes of Lebesgue integrable functions from [0, m]
to C2 equipped with the L1-norm. Let A be a linear
operator defined by A : D(A) → X with norm

Ax =

⎛
⎜⎜⎝

− [
∂
∂a + βh(a) + μ(a)

]
x1

− [
∂
∂a + βl(a) + γl(a) + μ(a)

]
x2

− [
∂
∂a + δ(a) + μ(a)

]
x3

− [
∂
∂a + μ(a)

]
x4

,

⎞
⎟⎟⎠

and a nonlinear operator defined by F : X → X with
norm

F(x) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−
[
kh(a)

∫ +∞
0 σ(a)N (a)x3 da

]
x1

−
[
kl(a)

∫ +∞
0 σ(a)N (a)x3 da

]
x2[

kh(a)
∫ +∞
0 σ(a)N (a)x3 da

]
x1

+
[
kl(a)

∫ +∞
0 σ(a)N (a)x3 da

]
x2

βh(a)x1 + βl(a)x2 + γl(a)x2 + δ(a)x3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

.
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Then, model (6) can be rewritten to an abstract Cauchy
problem as follows
du(t)

dt
= Au(t) + F(u(t)), (8)

where u(t) = (sh(a, t), sl(a, t), i((a, t), r(a, t)).

Theorem 1 The initial boundary value problem of
model (6) has a unique nonnegative classical solution
on X with respect to (sh(a, 0), sl(a, 0), i(a, 0), r(a, 0))
∈ D(A)T .

Proof It is easily obtained that the operator A is the
infinitesimal generator of C0-semigroup T (t), t ≥ 0,
and F is continuously Frechet differentiable on X .
Then, for each u0 ∈ X , there exist a maximal interval
of existence [0,m) and a unique continuous differential
mild solution t → u(t, u0) (see [47]) from [0,m) such
that

u(t, u0) = T (t)u0 +
∫ t

0
T (t − s)F(u(s, u0)) ds,

where either m = +∞ or m < +∞ and limt→m ‖u(t,
u0)‖ = ∞. Since ‖N (a, t)‖ = N (a) < +∞, we can
obtain m = +∞. The proof is completed. 	


Rewriting model (6) as an abstract Cauchy equation
in vector form, we obtained that model (6) admits a
unique nonnegative classical solution by using the C0-
semigroup theory. Since model (6) and model (7) are
equivalent, model (7) also has a unique nonnegative
classical solution.

4.2 Existence of steady-state solution

The equilibrium point of the autonomousmodel, which
indicates a state where the system model reaches
dynamic equilibrium, has an important physical signif-
icance. This equilibrium is usually the level of balance
we expect the system to eventually reach. Similarly,
there are steady-state solutions that are independent of
time variables for nonautonomous models. In partic-
ular, general models also have marginal equilibrium
state from the perspective of mathematics. However,
such a marginal equilibrium has no practical signifi-
cance. For model (7), our goal is to reduce the amount
of i(a, t). Of course, i(a, t) = 0 is also unrealistic.
For a network platform with nearly one billion users,
we can only control and reduce the spread of rumors,
which is difficult to completely ban. Therefore, we only
study the existence of the positive steady-state solution
of model (7).

Theorem 2 If the basic reproductive number of rumor
R0 > 1, then there exists a steady-state solution X∗ =
(s∗

h (a), s∗
l (a), i∗(a), r∗(a)) of model (7), where R0 =

H(0), and

H(V ∗) =:
∫ +∞

0
σ(a)N (a)

∫ a

0
[kh(ξ)s∗

h (ξ)

+kl(ξ)s∗
l (ξ)] e− ∫ a

ξ δ(τ ) dτ dξ da,

s∗
h (a) = s∗

h (0)e
− ∫ a

0 [V ∗kh(τ )+βh(τ )] dτ ,
s∗
l (a) = s∗

l (0)e− ∫ a
0 [V ∗kl (τ )+βl (τ )+γ (τ)] dτ .

Proof X∗ = (s∗
h (a), s∗

l (a), i∗(a), r∗(a)) as a time-
independent solution of model (7) that satisfies
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ds∗h (a)

da = −[λ∗
h(a) + βh(a)]s∗

h (a),
ds∗l (a)

da = −[λ∗
l (a) + βl (a) + γl (a)]s∗

l (a),
di∗(a)
da = λ∗

h(a)s∗
h (a) + λ∗

l (a)s∗
l (a) − δ(a)i∗(a),

dr∗(a)
da = βh(a)s∗

h (a) + [βl (a) + γl (a)]s∗
l (a) + δ(a)i∗(a),

s∗
h (0) + s∗

l (0) = 1, i∗(0) = r∗(0) = 0,

(9)

where

λ∗
h(a) = kh(a)

∫ +∞

0
σ(a)N (a)i∗(a) da,

λ∗
l (a) = kl(a)

∫ +∞

0
σ(a)N (a)i∗(a) .

Let
∫ +∞
0 σ(a)N (a)i∗(a) da =: V ∗, then we have

λ∗
h(a) =: kh(a)V ∗ and λ∗

l (a) =: kl(a)V ∗. By solv-
ing equation (9) directly, we get

i∗(a) =
∫ a

0
V ∗[kh(ξ)s∗

h (ξ) + kl(ξ)s∗
l (ξ)]

× e− ∫ a
ξ δ(τ ) dτ dξ, (10)

and

r∗(a) =
∫ a

0
{βh(ξ)s∗

h (ξ) + [βl(ξ) + γl(ξ)]
× s∗

l (ξ) + δ(ξ)i∗(ξ)} dξ. (11)

Substituting (10) into (11) and changing the order of
integration, we have

r∗(a) =
∫ a

0
{βh(ξ)s∗

h (ξ) + [βl(ξ) + γl(ξ)]s∗
l (ξ)} dξ

+V ∗
∫ a

0
[kh(ξ)s∗

h (ξ) + kl(ξ)s∗
l (ξ)]

×
∫ a

ξ

δ(η)e− ∫ η
ξ δ(τ ) dτ dη dξ. (12)

From the first and second equations of (9), we get

s∗
h (a) = s∗

h (0)e
− ∫ a

0 [V ∗kh(τ )+βh(τ )] dτ ,
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s∗
l (a) = s∗

l (0)e− ∫ a
0 [V ∗kl (τ )+βl (τ )+γ (τ)] dτ . (13)

For any V ∗ > 0, substituting V ∗ into (13), there is a
unique s∗

h (a) and s∗
l (a) corresponding to it. Substitut-

ing s∗
h (a) and s∗

l (a) into (12) can solve r∗(a). For the
same reason, substituting s∗

h (a) and s∗
l (a) into (10) can

solve i∗(a). That is to say, each V ∗ corresponds to the
unique equilibrium state (s∗

h (a), s∗
l (a), i∗(a), r∗(a)).

Next,we discuss the existence ofV ∗. Substituting i∗(a)

into
∫ +∞
0 σ(a)N (a)i∗(a) da =: V ∗, and both sides

divide by V ∗, we have

1 =
∫ +∞

0
σ(a)N (a)

∫ a

0
[kh(ξ)s∗

h (ξ) + kl(ξ)s∗
l (ξ)]

×e− ∫ a
ξ δ(τ ) dτ dξ da =: H(V ∗). (14)

We define R0 = H(0). It is easy to see that the exis-
tence of a steady-state solution in model (7) which is
equivalent to equation (14) has a positive solution. We
can claim that i∗(a) < 1 because s∗

h (a) + s∗
l (a) +

i∗(a) + r∗(a) = 1. Therefore, we get

H(V ∗) = 1

V ∗

∫ +∞

0
σ(a)N (a)r∗(a) da

<
σmax

V ∗

∫ +∞

0
N (a) da = σmaxN

V ∗ ,

where σmax = max{sup[0,+∞) σ (a)}. Obviously, we
get that H(σmaxN ) < 1when the V ∗ = σmaxN . As can
be seen from expressions (14) and (13), we obtain that
H(V ∗) ismonotonically decreasingwith respect to V ∗.
In view of the theorem conditions R0 = H(0) > 1,
then from the properties of continuous functions, we
have Eq. (14) that has a unique positive solution V̄ ∗ in
(0, σmaxN ). The proof is completed. 	


4.3 Stability of steady-state solution

In this section, we focus on the stability of the steady-
state solution of model (7). ŝh(a, t), ŝl(a, t), î(a, t),
r̂(a, t) and V̂ are linear perturbations of the steady-state
solutions s∗

h (a), s∗
l (a), i∗(a), r∗(a) and V ∗, respec-

tively. It is easy to see that the stability of the steady-
state solution is equivalent to the linear disturbance
tending to zero. We assume that the perturbations of
model (7) have the following exponential solution

ŝh(a, t) = s̄h(a)eλt , ŝl(a, t) = s̄l(a)eλt ,

î(a, t) = ī(a)eλt , r̂(a, t) = r̄(a)eλt , V̂ = V̄ eλt .

(15)

Theorem 3 If the condition f (ξ) ≥ 0 is satisfied, then
the steady-state solution of model (7) is locally asymp-
totically stable, where

f (ξ) = V ∗kh(ξ)sh(ξ) + kh(ξ)s∗
h (ξ)

+V ∗kl(ξ)sl(ξ) + kl(ξ)s∗
l (ξ)

= kh(ξ)s∗
h (ξ) − V ∗kh(ξ)

∫ ξ

0
e−λ(a−η)kh(η)s∗

h (η)

×e− ∫ ξ
η [kh (τ )V ∗+βh (τ )] dτ dη

+kl(ξ)s∗
l (ξ) − V ∗kl(ξ)

∫ ξ

0
e−λ(a−η)kl(η)s∗

l (η)

×e− ∫ ξ
η [kl (τ )V ∗+βl (τ )+γl (τ )] dτ dη.

Proof From (15), we can get the following approxi-
mate model⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λs̄h(a) + ds̄h(a)
da = −kh(a)V ∗s̄h − kh(a)V̄ s∗

h−βh(a)s̄h,
λs̄l(a) + ds̄l (a)

da = −kl(a)V ∗s̄l − kl(a)V̄ s∗
l−βl(a)s̄l − γl(a)s̄l ,

λī(a) + dī(a)
da = kh(a)V ∗s̄h + kh(a)V̄ s∗

h+kl(a)V ∗s̄l + kl(a)V̄ s∗
l − δ(a)ī,

λr̄(a) + dr̄(a)
da = βh(a)s̄h + [βl(a) + γl(a)]s̄l

+δ(a)ī,
s̄h(0) + s̄l(0) = ī(0) = r̄(0) = 0,

Note that the intensities of the perturbation can take
on either positive or negative. For the convenience of
analysis, we make a variable substitution as

sh(a) = s̄h(a)

V̄
, sl(a) = s̄l(a)

V̄
,

i(a) = ī(a)

V̄
, r(a) = r̄(a)

V̄
.

Then, we can obtain the following system as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λsh(a) + dsh (a)
da = −kh(a)V ∗sh − kh(a)s∗

h−βh(a)sh,
λsl(a) + dsl (a)

da = −kl(a)V ∗sl − kl(a)s∗
l − βl(a)sl

−γl(a)sl ,
λi(a) + di(a)

da = kh(a)V ∗sh + kh(a)s∗
h + kl(a)V ∗sl

+kl(a)s∗
l − δ(a)i,

λr(a) + dr(a)
da = βh(a)sh + [βl(a) + γl(a)]sl

+δ(a)i,
sh(0) + sl(0) = i(0) = r(0) = 0,

(16)

with∫ +∞

0
σ(a)N (a)i(a) da = 1. (17)
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By solving the third equation and fourth equation of
model (16), directly we obtain

i(a) =
∫ a

0
e−λ(a−ξ)[V ∗kh(ξ)sh(ξ) + kh(ξ)s∗

h (ξ)

+V ∗kl(ξ)sl (ξ) + kl(ξ)s∗
l (ξ)]

×e− ∫ a
ξ δ(τ ) dτ dξ, (18)

r(a) =
∫ a

0
e−λ(a−ξ){βh(ξ)sh(ξ) + [βl (ξ) + γl (ξ)]sl (ξ)

+ δ(ξ)i(ξ)} dξ, (19)

sh(a) = −
∫ a

0
e−λ(a−ξ)kh(ξ)s∗

h (ξ)e− ∫ a
ξ [kh (τ )V ∗+βh (τ )] dτ dξ,

(20)

and

sl(a) = −
∫ a

0
e−λ(a−ξ)kl(ξ)s∗

l (ξ)

×e− ∫ a
ξ [kl (τ )V ∗+βl (τ )+γl (τ )] dτ dξ. (21)

Obviously, sh(a) and sl(a) are negative. Precisely, we
assume that

V ∗kh(ξ)sh(ξ) + kh(ξ)s∗
h (ξ) + V ∗kl(ξ)sl(ξ) + kl(ξ)s∗

l (ξ)

= kh(ξ)s∗
h (ξ) − V ∗kh(ξ)

∫ ξ

0
e−λ(a−η)kh(η)s∗

h (η)

×e− ∫ ξ
η [kh (τ )V ∗+βh (τ )] dτ dη

+ kl(ξ)s∗
l (ξ) − V ∗kl(ξ)

∫ ξ

0
e−λ(a−η)kl(η)s∗

l (η)

×e− ∫ ξ
η [kl (τ )V ∗+βl (τ )+γl (τ )] dτ dη =: f (ξ)

Substituting i(a) into (17), we obtain

1 =
∫ +∞

0
σ(a)N (a)i(a) da

=
∫ +∞

0
σ(a)N (a)

∫ a

0
e−λ(a−ξ) f (ξ)e− ∫ a

ξ δ(τ ) dτ dξ da

=: Q(λ).

In view of the condition of Theorem 3, we get that
Q(λ) ≥ 0 and Q(λ) is decreasing function of λ and
Q(λ) → 0 as λ → +∞.

Q(0) =
∫ +∞

0
σ(a)N (a)

∫ a

0

(
kh(ξ)s∗

h (ξ) − V ∗kh(ξ)

×
∫ ξ

0
kh(η)s∗

h (η)e− ∫ ξ
η [kh (τ )V ∗+βh (τ )] dτ dη

)

+
(
kl(ξ)s∗

l (ξ) − V ∗kl(ξ)

∫ ξ

0
kl(η)s∗

l (η)

×e− ∫ ξ
η [kl (τ )V ∗+βl (τ )+γl (τ )] dτ dηe− ∫ a

ξ δ(τ ) dτ dξ

)
da

=
∫ +∞

0
σ(a)N (a)

∫ a

0
kh(ξ)s∗

h (ξ) + kl(ξ)s∗
l (ξ)

×e− ∫ a
ξ δ(τ ) dτ dξ da

−
∫ +∞

0
V ∗kh(ξ)

∫ ξ

0
kh(η)s∗

h (η)

×e− ∫ ξ
η [kh (τ )V ∗+βh (τ )] dτ dηe− ∫ a

ξ δ(τ ) dξ da

−
∫ +∞

0
V ∗kl(ξ)

∫ ξ

0
kl(η)s∗

l (η)

×e− ∫ ξ
η [kl (τ )V ∗+βl (τ )+γl (τ )] dτ dηe− ∫ a

ξ δ(τ ) dτ dξ da.

It is easy to see that the first integral above is equal to
one, and the second integral and the third integral are
negative terms. Therefore, we obtain that Q(0) < 1.
Then, in view of monotonicity of Q(λ), we get that
equation Q(λ) = 1 has a unique real solution which
is negative and all complex solutions have real parts
smaller than the unique real solution. Therefore, the
steady-state solution of model (7) is locally asymptoti-
cally stable by the Lyapunov stability theory. The proof
is completed. 	


5 Analysis of educational factors

In this section, wemainly focus on the impact of educa-
tional factors on the spread of rumors. The educational
factors mainly refer to the education level of the igno-
rant and the short-term education of the network. First,
the ignorant users are divided into higher educators and
lower educators to study the rumor spreading mecha-
nism, without considering the short-term network edu-
cation factor, namely γl = 0. In fact, this is based on
the theory that the higher the level of education is, the
stronger the ability of users to identify rumors is. There-
fore, short-term online education is provided for igno-
rant people at the bottom of education to improve their
ability to recognize rumors. Finally, we give reason-
able suggestions and feasible measures for our analysis
results.

5.1 The influence of education level

According to the rumor spreading mechanism estab-
lished by model (7), we define the final size of rumor
spreading to include the following two factors

(1) Setting the scale of the rumor effect M = ∫ +∞
0 i∗

(a) da, where M represents the total number of
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rumor harms in the whole process of rumor spread-
ing to the equilibrium state.

(2) Network final health status is r∗(a), where r∗(a)

represents the proportion of users who have the
ability to identify rumors when they reach equi-
librium. It can represent the ability of the network
to ultimately resist rumors.

Obviously, the smaller the M is, the less harm-
ful it is to be affected by rumors before the equilib-
rium state. The greater the r∗(a) is, the stronger the
ability of the network to resist rumors is. We define
K = sh(0,t)

sh(0,t)+sl (0,t)
to represent users with higher edu-

cation proportion of total users in initialmoment,which
also represents the overall level of education of the
entire user community. In this case, we also assume
that short-term network education factor γl = 0. In
particular, we assume that all users in the initial state
have not received higher education, namely. Then, the
model can be changed to the following form⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∂sl (a,t)
∂t + ∂sl (a,t)

∂a = −[λl(a, t) + βl(a)]sl ,
∂i(a,t)

∂t + ∂i(a,t)
∂a = λl(a, t)sl − δ(a)i,

∂r(a,t)
∂t + ∂r(a,t)

∂a = βl(a)sl + δ(a)i,
sl(a, 0) = sl0(a), i(a, 0) = i0(a), r(a, 0) = r0(a),

sl(0, t) = 1, i(0, t) = r(0, t) = 0.

(22)

Similar to the analysis of Theorem 3, we can
get a positive steady-state solution for model (22)
X̃∗(s̃∗

l
(a), ĩ∗(a), r̃∗(a)). In view of λl(a) ≥ λh(a)

and βl(a) ≤ βh(a), we can obtain the conclusion
M = ∫ +∞

0 i∗(a) da < M̃ = ∫ +∞
0 ĩ∗(a) da and

r∗(a) > r̃∗(a). Furthermore, using explicit expressions
(10), (12) and (13), we can achieve that M decreases
as K increases, and r∗(a) increases as K increases.

Case 1 Positive effects of college students during
the spread of COVID-19

The outbreak began during the winter vacation of
2019, and Chinese universities have not yet announced
the start of classes. This causes all the college stu-
dents and graduate students to stay at home. These
senior intellectuals are distributed in every family in
the community, which has significantly improved the
education level of social groups. (In fact, when students
are concentrated on campus, they do not participate
in social activities, which is equivalent to an invalid
user.) That is, the K = sh(0,t)

sh(0,t)+sl (0,t)
of model (22)

becomes larger. From the above theoretical analysis, it
can be concluded that the total number of rumor harms
Q = ∫ +∞

0 i∗(a) da will decrease and the proportion

of users with the ability to identify rumors r∗(a) will
increase. This is true. During this outbreak of COVID-
19, senior intellectuals have a strong ability to iden-
tify rumors, and they can spread scientific epidemic
prevention knowledge and related information in the
community in time. These measures have inhibited the
spread of rumors and passed positive energy for social
stability.

In short, the theoretical results show that the level of
education directly affects the final size of rumor spread-
ing. The more users with higher education in the net-
work are, the smaller the influence of rumors is, and
the stronger the ability of the network to resist rumors
is.

5.2 Control by short-term online education

Through the above analysis, we know that improving
the user’s education level is an effective means to con-
trol the final size spread of rumors.However, the overall
education level of a network group is basically main-
tained in a short period of time. Therefore, it is highly
necessary to carry out network short-term education for
users with low education level. Based on the conclu-
sions of the previous subsection, we can conclude that
M decreases as γl(a) increases, and r∗(a) increases as
γl(a) increases.

In this paper, we mainly considered two important
factors affecting the rumor spreading education level
K and short-term online education γl(a). Education
level K is uncontrollable in the short term. However,
the short-term network education γl(a) is an effective
way to control the rumor spreading. To this end, we
give the following suggestions

(1) For the rumors that appear in social networks and
further ferment, themedia should promptly correct,
disclose the false information of rumors and report
the negative impact and social harm that rumors
spread. The media needs to take advantage of its
platform’s speed and credibility to expand the scope
of the report, so as to awaken more rumors and stop
the spread of rumors.

(2) The government and other administrative depart-
ments should popularize popular science knowl-
edge and improve the basic quality of citizens. At
the same time, each social network user should
strengthen network information security education
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Fig. 3 Dynamic characteristics of i(a, t) and r(a, t)

and strive to improve their ability to identify true
and false information.

(3) Credible experts clarify the facts of rumors in time
and can effectively reduce the spread of rumors,
thereby reducing the density of rumors spread in
social networks. For example, credible experts can
publish authoritative opinions in time through the
news media, which can effectively reduce the con-
fusion of the people.

Case 2 Positive effects of credible experts and offi-
cial media during the spread of COVID-19

Human beings need a cognitive process when fac-
ing sudden disasters. So far, we have not figured out
the source of the new coronavirus pneumonia. There
are many speculations about the etiology of pneumo-
nia in the early days. Academician Zhong Nanshan, an
authoritative expert, clarified at the press conference
that the outbreak of COVID-19 occurred in Wuhan,
but there is no evidence that the source is also in
Wuhan. This is a scientific question. It is irresponsible
to make conclusions casually before you figure it out.
This eliminates the doubts of the masses. Some rumors
disappeared as a result. The three control suggestions
mentioned above can be attributed to short-term online
education γl(a). In view of model (7), we note that
γl(a)sl(a, t) is reduced from sl(a, t) to r(a, t); that
is, through short-term online education, some people
with lower education level can recognize rumors and
become rumors immune. This is consistent with our
theoretical analysis conclusion (12): r∗(a) increases
as γl(a) increases. For COVID-19 such a fierce emer-

gency, it is of great significance for the official media,
government departments and authoritative experts in
the field of doctors to publish reliable information in a
timelymanner, which can effectively control the spread
of some rumors and reduce the anxiety of the masses.

6 Numerical simulation

In this section, we simulate and analyze the dynamic
characteristics of the proposed rumor propagation
model through simulations with MATLAB as well as
the influence of education level and short-term online
education factors on the spread of rumors.

Example 1 The dynamic characteristics of model (7)

To show the dynamic characteristics model (7), the
basic parameters of the model we selected are as fol-
lows

λh(a, t) = sin(0.05a + t),

βh(a) = exp(−a)

1 + exp(−a)
+ 0.1,

δ(a) = exp(−a)

1 + exp(−a)
,

λl(a, t) = sin(0.05a + t) + 0.1, βl(a)

= exp(−a)

1 + exp(−a)
,

γl(a) = 0.01 exp(−a) + 0.1

0.01 exp(−a) + 1
,

where the initial value condition of model (7) is

sh(0, t) = 0.01 sin(t) + 0.1,
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Fig. 4 Comparison diagram about the influence of education level for i(a, t)

sl(0, t) = 0.01 sin(t) + 0.9,

i(0, t) = 0, r(0, t) = 0

and the boundary value condition of model (7) is

sh(a, 0) = 0.01 sin(a) + 0.1,

sl(a, 0) = 0.01 sin(a) + 0.9,

i(a, 0) = 0, r(a, 0) = 0.

Theorem 1 proves the existence of nonnegative clas-
sical solution of model (6) and model (7). The dynamic
characteristics of i(a, t) and r(a, t) of model (7) are
shown in Fig. 3. Note that themaximumvalue of i(a, t)
is close to 0.2, which means that at some point 20% of
the participants are involved in the spread of rumors.
In particular, in a critical period such as the outbreak

of COVID-19, the harm caused by rumors to society is
huge.

Example 2 The influence of education level

In this example, we assume that the short-term
online education strength γl(a) = 0 by using the con-
trol variable method. The curve family of i(a) (or r(t))
at different times t is depicted as (a) of Fig. 4 (or Fig. 5).
For each curve (a) of Fig. 4 (or Fig. 5), it means the
change of i(a) (or r(t)) at a time t with age a. We can
see that the variable a has an important influence on i
(or r ) at different times. For a fixed a, the variation law
of i(t) (or r(t)) with time t is shown in (b) of Fig. 4
(or Fig. 5). To visualize the numerical results, the fixed
age a = 6, then i(a, t) (or r(a, t)) is simplified to a
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Fig. 5 Comparison diagram about the influence of education level for r(a, t)

unary function about time t . To verify the results of
the theoretical analysis of the influence of education
level on communication in Sects. 4 and 5, we took four
different K (t) as follows

K = K1(t) = 0.01 sin(t) + 0.1

0.01 sin(t) + 0.1 + 0.01 sin(t) + 0.9
,

K = K2(t) = 0.01 sin(t) + 0.2

0.01 sin(t) + 0.2 + 0.01 sin(t) + 0.8
,

K = K3(t) = 0.01 sin(t) + 0.3

0.01 sin(t) + 0.3 + 0.01 sin(t) + 0.7
,

K = K4(t) = 0.01 sin(t) + 0.4

0.01 sin(t) + 0.4 + 0.01 sin(t) + 0.6
.

It is easy to calculate that K1(t) ≈ 10%, K2(t) ≈ 20%,
K1(t) ≈ 30%, K4(t) ≈ 40% and K1(t) < K2(t) <

K3(t) < K4(t). In the (c) of Fig. 4 (or (c) of Fig. 5),
we use red, pink, blue and black lines to represent i(t)
(or r(t)) change trend with time which with the initial
value conditions are K1(t), K2(t), K3(t) and K4(t),
respectively. Obviously, as the education level K (t) to
increase, i(t) gradually decreases and r(t) gradually
increases, which is consistent with theoretical analysis
results of Sect. 5.1. In other words, as the number of
higher education users continues increase, the spread of
rumorsM will decrease. According to the data released
by the Ministry of Education of China, as of 2018, the
number of people who have obtained college diplomas
or above accounted for 13% of the total population of
the country [3]. Therefore, our selection of K1(t) is rea-
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Fig. 6 Comparison diagram about short-term online education control

sonable. With the continuous improvement of China’s
education level, this data will definitely increase.

Example 3 Control by short-term online education

The innovation of this paper is thatwe added the con-
trol factor of online short-term education gammal(a)

to the model. Similar to the previous two Examples,
the fixed age a = 6 and K = K1(t). We choose four
different γl(a) as follows

γl1(a) = 0.01 exp(−a) + 0.1

0.01 exp(−a) + 1
,

γl2(a) = 0.01 exp(−a) + 0.2

0.01 exp(−a) + 1
,

γl3(a) = 0.01 exp(−a) + 0.3

0.01 exp(−a) + 1
,

γl4(a) = 0.01 exp(−a) + 0.4

0.01 exp(−a) + 1
.

In Fig. 6, we use red, pink, blue, and black lines to rep-
resent i(t) (or t (t)) change trend with time in differ-
ent short-term online education control factors K1(t),
K2(t), K3(t) and K4(t), respectively. Obviously, as
the short-term online education control factors K (t)
increase, i(t) gradually decreases and r(t) gradually
increases, which are shown in a and b of Fig. 6. This is
consistent with theoretical analysis results of Sect. 5.2.
In fact, as we suggested in Sect. 5.2, the short-term
online education is the fastest and most effective way
to control rumors. For example, during the outbreak of
COVID-19, the government released official news in a

timely manner, and the official news media updated the
data in a timelymanner, which played an important role
in stabilizing public sentiment and resisting the spread
of rumors.

7 Conclusion

In this paper, we have established a rumor propagation
model based on the structure of nonautonomous partial
differential equations. Combined with the law of users’
dissemination of information, three important factors
are considered: the user’s education level, registration
time, and short-term online education. The existence
and uniqueness of the positive solution of model (7)
are obtained by usingC0-semigroup theory. If the basic
reproductive number of rumorR0 > 1, then model (7)
admits a steady-state solution. Furthermore, the stabil-
ity of local asymptotically of steady-state solution is
obtained. For an online platform with a large number
of users, it is only an ideal state to completely elimi-
nate the spread of rumors. Therefore, we did not con-
sider the marginal equilibrium of model (7), which is
meaningless. By analyzing themain influencing factors
of i(a, t) in the steady-state solution, it is an effective
means to reduce its number scale. The interesting con-
clusion of this article is that improving education level
and conducting short-term online education are impor-
tant strategies for effectively controlling the spread of
rumors. The numerical simulation verified the correct-
ness and feasibility of the theoretical results.
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Since the outbreak of COVID-19, it has brought
huge disasters to all countries in the world, including
the direct impact of people’s lives and health, economic
development, transportation, education, employment
and other aspects. In addition, the spread of the epi-
demic has also brought many indirect impacts on peo-
ple, such as people’s panic during the epidemic. Psy-
chological research shows that when people face sud-
den crises, they will have different degrees of anxiety,
nervousness and other excessive reactions. These over-
reactions can damage the immune system and cause
physical andmental illness. This article mainly focuses
on the laws and control of the spread of related rumors
during the epidemic. Quantitative analysis and eval-
uation guide us to effectively control the spread of
rumors and alleviate the negative psychological impact
of COVID-19.
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