E% MBE, 21(1): 75-95.
AITMS DOI: 10.3934/mbe.2024004

%g Received: 12 September 2023

Revised: 24 November 2023
Accepted: 30 November 2023
Published: 08 December 2023

http://www.aimspress.com/journal/ MBE

Research article

Model of strategy control for delayed panic spread in emergencies

Rongjian Lv!, Hua Li**, Qiubai Sun? and Bowen Li!

1 School of Electronics and Information Engineering, University of Science and Technology
Liaoning, Anshan, Liaoning, China

2 School of Business Administration, University of Science and Technology Liaoning, Anshan,
Liaoning, China

* Correspondence: Email: Ih1@ustl.edu.cn.

Abstract: In emergencies similar to virus spreading in an epidemic model, panic can spread in groups,
which brings serious bad effects to society. To explore the transmission mechanism and decision-
making behavior of panic, a government strategy was proposed in this paper to control the spread of
panic. First, based on the SEIR epidemiological model, considering the delay effect between
susceptible and exposed individuals and taking the infection rate of panic as a time-varying variable,
a SEIR delayed panic spread model was established and the basic regeneration number of the proposed
model was calculated. Second, the control strategy was expressed as a state delayed feedback and
solved using the exact linearization method of nonlinear control system; the control law for the system
was determined, and its stability was proven. The aim was to eradicate panic from the group so that
the recovered group tracks the whole group asymptotically. Finally, we simulated the proposed
strategy of controlling the spread of panic to illustrate our theoretical results.

Keywords: SEIR delayed model; nonlinear control; state feedback; strategy control; numerical
simulation

1. Introduction

In recent years, emergencies have frequently occurred such as stampede events [1], infectious
diseases [2,3] and disruptive political rallies [4], which put a psychological burden on the public and
have a serious negative impact on society [5]; such events also cause the spread of negative emotions
such as panic and anxiety in groups [6—8]. Therefore, it is of great importance to reduce the damage
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and harm caused by emergencies.

Epidemiological models were used to study information transmission [9] and emotion [10] and
rumour spreading [11] because of their unique characteristics. Based on an epidemiological model, the
SIR-UA dynamic system was developed to analyze the possibility of the spread of conscious
information, which allows the probability of infection to be reduced and recovery to be accelerated
through appropriate behavior [12]. In combination with complex networks, a layered SIRS model was
developed to analyze the impact of online opinions on information spread [13]. To explore the role of
population topology in the spread of panic, a new network model was proposed to simulate the
interactions between virus propagation and patch propagation, taking into account a central node and
a multiplex network [14]. Considering the interaction of information dissemination with epidemic
spreading and the partial mapping between two-layered networks, the kinetic equations of epidemic
dynamics were obtained using the micro Markov chain method to establish the disease related
information dissemination in favor of suppressing the outbreak of epidemics [15]. For COVID-19,
which has been rampant in recent years, the relative risk of infection with the virus can be assessed by
probabilistic epidemiological models in the initial stages, for which data and literature are scarce [16].
There are some discrete situations in the real life. Hence, to simulate the evolution of the spread of
COVID-19, a non-Markovian SIR epidemic spread model was developed and numerically validated for
both continuous and discrete situations [ 17]. Note that viruses have incubation periods. The SNIS model
was developed and the impact of various strategies on the epidemic spreading process was analyzed [18].
In the case of epidemic diseases, the government should take feasible measures in the initial stage so
that a disease-free state can be achieved more quickly [19]; maintaining a certain social distance can
also control the spread of the disease [20].

In reality, the essence of natural phenomena is complex and nonlinear. Therefore, nonlinear
systems can be used to study these [21]. For the epidemiological model of COVID-19, a continuous-
time nonlinear control law synthesized by an exact feedback input—output linearization method can be
used to establish a vaccination strategy and, thus, gradually track the recovery population [22,23]. It is
difficult to obtain the numbers of susceptible and infected individuals, so vaccination control can be
generated from relevant information provided by an observer [24]. Since there are many lurkers, i.e.,
groups with infectivity but no symptoms of infection, continuous-time SEIR models with a distributed
delay can be developed to analyze the feedback effects of groups under vaccination rules [25]. A SEIR-
type epidemic model with time delay and vaccination control under a basic reproduction number was
investigated to determine the presence or absence of vaccination control [26]. Discrete phenomena are
common in life; therefore, Micken’s discretization method was used to build the SEIR model, and an
implicit approach was applied to construct the observer of the model and analyze the asymptotic
stability of the observer for validity [27]. To explore the reasons for disease mortality, the SEIR
epidemiological model was considered for discretization and control and an impulse inoculation
strategy adjusting the free parameters was designed to ensure the positivity of the model [28]. The
production and provision of vaccinations was controlled by the government [29] and the number of
infected individuals can be controlled well by inventions such as the vaccination [30]. Nonlinear system
control is used to analyze epidemic models and, currently, there are variable structure control [31,32]
and fuzzy control guidelines [33] in addition to exact linearization methods. To establish prevention
strategies effectively, it is crucial to explore the evolution of the virus [34]. Whether it is the spread of
viruses or negative emotions, the aim of developing prevention strategies effectively to control them
is to make the infected population decrease or even disappear [35]. To achieve this aim, the costs and
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the elimination of the infection are controlled according to the Ponterian principle of minimal values
in optimal control theory, i.e., isolation and treatment of infected individuals [36].

Some research has shown that emotion can spread in groups. Based on data from the Framingham
Heart Study [37], it was concluded that emotion could spread through social networks like an epidemic,
which is very similar to the process of spreading emotions during emergencies [38]. An improved SIRS
model of panic propagation was developed under self-organizing circumstances to simulate that panic
caused by subway emergencies can spread rapidly and have an adverse impact on the society [39]. In
emergency, emotion plays an important role in the decision making of an individual. Based on cellular
automata and the SIR epidemic model, the CA-SIRS model was proposed to simulate the dynamics of
emotional contagion in crowds [40]. The model of emotional contagion and the control of personality
integrated the effects of individual personality and interpersonal relationships, according to the epidemic
model that simulated crowd queuing [41]. Individual panic behavior in emergencies is contagious and
leads to collective panic behavior, which can be particularly destructive. An ILSAR panic spreading
model was proposed to describe the dynamics of panic propagation in real emergencies [42]. When
emergencies occur, the government should set up strategies to control the spread of panic. Research
on emergencies can provide guidance to the government in developing programs and strategies in
response to emergencies.

In summary, it is necessary to explore the transmission mechanism and decision-making behavior
of panic in the group under emergencies. Therefore, the combined approach of modeling and numerical
simulation is adopted for the research in this paper. Based on epidemic models, there are researchers
who have explored the spread process of emotion under emergencies and analyzed its dynamical
behavior. Thus, the spread of panic in emergencies can be simulated by classical epidemic models.
However, in natural and social phenomena, trends depend not only on the current situation but also on
past development dynamics. Thus, the introduction of a time delay can effectively describe the
dynamical behavior of the model. The main work of this paper is shown below:

(I) A SEIR delayed panic spread model is established, which introduces a time delay between
susceptible and exposed individuals and considers the infection rate of panic as a time-varying variable.

(IT) A government strategy is proposed in this paper to control the spread of panic.

(III) The control strategy is to use the exact linearization of nonlinear control systems. The control
law for the system is determined and its stability is proven.

(IV) Simulation of the proposed strategy to control the spread of panic to verify theoretical results.

The rest of the paper is organized as follows. In Section 2, a SEIR delayed panic spread model is
developed and the basic reproduction number of the model is obtained. The feedback linearization
approach is used to obtain the control law of the model for the government strategy in Section 3. In
Section 4, we simulate the control of the government strategy under emergencies. A short conclusion
is given in Section 5.

2. SEIR delayed panic spread model

In the emergencies, motivated by [23], the total population N(t) can be divided into four
compartments. S(t),E(¢),/(t) and R(t) are defined as the susceptible (people who are susceptible
to the spread of panic), exposed (people who have only symptoms of infection without the ability to
spread panic), infected (people who can spread panic) and recovered individuals (people who know
panic but never spread panic) at time ¢, respectively.
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According to the SEIR epidemic model (where S denotes susceptible people, E denotes exposed
people, I denotes infected people and R denotes recovered people), the SEIR delayed panic spread
model is constructed and some parameters are chosen. All of these parameters are nonnegative. The
detailed explanation is summarized in Table 1.

Table 1. Parameters of SEIR delayed panic spread model.

Parameter Description

N The total population at any time

B The spread ratio of panic

de The rate of death and birth unrelated to infection

w The rate of people losing immunity
H The latency for exposed people

6 The recovery rate from exposed to recovered

/4 The recovery rate from infected to recovered

A An increasing ratio with the number of infected
) The ratio of panic disappearing

In the process of panic spread, A(t) denotes the infection rate of panic, which responds to the

rate of the spread of panic in the group. In previous studies of spread models, infection rate of panic
L(t) has been used as a fixed parameter in the construction of the model [43,44]. In this section, we

consider that the infection rate is not a fixed value due to changes in the external environment.
Therefore, it is more realistic to consider the rate of spread of panic A(¢) as a time-varying variable
by setting it to increase with the number of infected individuals and automatically decay with time.
The formula is shown as follows:
%(t)zﬂ(t)—dﬂ(t). (1)
¢

In Eq (1), 4 is an increasing ratio with the number of infected. & is the ratio of panic
disappearing.

In the real world, the trends of matter development are related not only to the current situation
but also to past development dynamics. Therefore, time delay is introduced to describe this
phenomenon [45]. Consider that there is a delay effect 7 between the transformation of susceptible
individuals to exposed individuals in this paper.

In the group, the changes in the four compartments, susceptible, exposed, infected and recovered,
are described and are shown as follows:

There are d N[1-u(#)] individuals into the group, then the susceptible individuals contact the
exposed individuals. The exposed group at moment ¢—z is infectious at moment t and the susceptible
and exposed group share a transmission medium. The number of transformed individuals is

ﬂ(t)w. The number of people who leave the group due to death rate is a s(¢). The number of

recovered individuals transformed into susceptible individuals is wR(¢) because they do not have
permanent immunity. Therefore, the trend of change of susceptible individuals can be shown as
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follows: g N[1-u(t)]- ﬁ(t)%—dﬂtﬁvm(t) .

There exists a time delay in the transformation process between the susceptible and exposed group
and the number of transformations into exposed group is g)SW/E=7) At the same time, exposed
N

individuals will be removed from the group due to death rate by the number of d_E(t). The number of
exposed individuals who will change to recovered individuals due to recovery rate is 60F(t). The

number of exposed individuals who will change into infected individuals with the ability to become
infected is wE(¢t) , then the trend of exposed individuals can be expressed as

0> 0D (G i)

The number of infected individuals who will transform into exposed individuals with panic but
without the ability to transmit due to exposed individuals probability is uE(t). Due to the recovery
rate, the number of infected individuals who will become rehabilitated is y/(#). The number of people
who will be removed from the group due to their own mortality is 4 /(¢) . Therefore, the change trend
of infected individuals can be expressed as: u£()-(d. +7)I(t) -

Due to the strategy control adopted by the government, the recovered group tracks the whole
group asymptotically with the number of a4 vu(¢). Owing to the recovery rate, there is a conversion of

exposed individuals to recovered individuals in the number of y/(¢). The number of infected
individuals who will transform into recovered individuals due to recovery rate is 9E(t). The recovered
individuals are removed from the group by the probability of person death by the amount of 4 r(t).

The recovered individuals are not permanently immune and can become susceptible individuals again
in the amount of wR(t) . Thus, the trend of recovered individuals can be expressed as:

d Nu(t)+yI(t)-(d, +w)R(t)+0E(t).

Notation R; denotes the first closed nth real orthant, while R” denotes the first open nth real
orthant. x e R denotes a positive real n-vector and all its components are nonnegative, and R,,
is used instead of R}, for scalar.

Based on this, a SEIR epidemic model with time delay and strategy control is developed, which
is expressed as the following functional differential equation:

de(t) dN[L-u(t)]- ﬂ([)W—deS(t)wLWR(t),

diit) - Bt )W (d, +u+0)E(t),

d; (tt) = WE(t)—(d, +)I(t), @
df{it) d Nu(t)+yl(t)—(d, +w)R(t) + OF(¢),

2O 1) a00)

In the Model (2), u(t) canbe seen as the control strategy used by the government in emergencies.
The total population dynamics can be obtained by summing up the first four equations on both sides
of Model (2), yielding: S(t)+E(t)+1(t)+R(t)=N(t)=0 so that the total population
N(t)=N(0)=N is constant at any time. For Model (2), supposing that the death and birth rates are
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the equal, the total population may be considered constant for all time V¢ eR,, .
We consider Model (2) with initial conditions:

{5(7{) =0 () E()=0,(0) L) =0:(2), R(x) = 0,(0), B(x) = 05 (1)

0,(1) 20,7 €[-7.01.0,(2) > 0.9, € C([-7.0], R.).i =1.2,3,4,5. ®)

When u(¢) =0, the government does not take control measures and the positive invariant set of
Model (2) is obtained:

B={[S(t),E(t),I(t),RE) eR!:S(t)+E(t)+1(t)+R(t)<N}.

According to reference [46], the basic reproduction number of Model (2) is obtained as

R= Hp .
(d,+u+0)d, +y)

3. Strategy control

In emergencies, the spread of uncertain information triggers group panic. In this situation, the
government should take corresponding measures to reassure the group at once in response to this
emergency. In this section, the aim is to design a strategy control u(¢) that can be adopted by the
government by which the group of recovered people will asymptotically track the whole population.
In other words, as time passes, infected people will disappear from the group. Exact linearization, a
method using differential geometry as a tool developed in nonlinear control systems, is used to solve
this system.

Model (2) can be written as the following nonlinear control affine system:

{X(t)=f(X(t),X(t—T))+g(X(t))U(t) @)
y(£) = h(x(¢)),
where x(6)=[/(t) E({t) SE) eR:, y(t)=I(t)eR,, .Rt)=N-1(t)-E()-S(t) is used with
—(d, +y)I(t) + pE(¢)
f(x(t),x(t-1))= —(d, +u+)E@)+LSE)(t—7) :
—w([(t)+E(¢)) +(d, +w)[N - S(¢)]- BS () (¢ —7) 5)
0
glx@)=| 0 | Alx(£)=1(),
~d.N

where ﬂﬁ% . Note that V ¢t>(i-17,i=12,...x,, uses x, (¢)=x(t—ir) and u, (t)=u(t—1ir).In

addition, u, (¢) satisfies t>1ir.

From Eq (5), according to the theory of Lie derivatives [47] and obtained by calculation,
L h(x(£)) =L, L h(x(¢)) =0, while L, I} h(x(¢))=—d upI(t —7)=0. Therefore, the relative degree

of the system (4) isthreein D={[/(t) E(t) S(t)" eR:.. |I#0}, i.e. VxeD;thatis, thereisarelative
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degree equal to the dimensionality of the state space. Thus, the nonlinear coordinate change is defined
as follows:

1(6)=Lph(x(6) = 1(¢)
E(6) =Ly h(x(t) =—(d, +7)1(6) + uE(¢) (6)
5(t)=Liha(x()) =(d, +7)° 1(t) - p(2d, + u+y + O)E(6) + uf,S ()1 (¢ ~ 7).

For the neighborhood of any vx € D, in regular form it is represented by the model

{)?(t) = £(X(t), X (t — 1))+ Z(X())u(?) @
(€)= h(x(t)),
where x(t)=[I(¢t) E@) S(@) ,and
E 0
F(x@),x(-2)=| § |, &8X(@)= 0 (X () =1 (t), (8)
w(x(2)) —d upI (t —7)
where
y(X()=—~(d, +w)d, +y)d, + u+0) () +[(d, +7)’ = (2d, + u+y +0)(2d, +w + )]E(t)
~@Bd, +u+y+0+w)S(t) - Blw(d, + pu+y)+(d, + y)(d. + u+O) ()I(t -7)
-p@d, + u+w+y+ OE () (t —7) - ﬂlg(t)[(t -7)+up(d, +w)I(t —1).
By calculation, the reverse transformation is obtained as
I(t)=1(¢t)
E=old.+ DO+ E ) (9)
S(t) = m[?(t) +2d, + u+y+O)E{)+(d, +y)(d, + u+0)I (t)].
Theorem 1 The state feedback control law is defined as
1 3 _ _ _ 2
u(t) = m[—@b()r(t)) Ah(x(t)) — AL h(x(8)) — AL A(x (£))]. (10)
Around any point VxeD, A,,4,4, Ssatisfies the linear closed-loop dynamics and is given by
J@O)+ 4y () + Ay () + A,y (£) =0. (11)

Proof. The state equation for the closed-loop system can be represented in the following form:
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~-

' E(t)
E|= S(t) . (12)
5| |wE@) - LhAx(6) -] (6)-LE(t) - 1,5 (t)

Considering control law (10) and system (7) and taking into account coordinate transformation (6),
L L h(x(t))=—d, upI(t —7) =0 is satisfied. In addition, by calculation we obtain

Lih(x (@) =~(d, +y)* 1) + ul(d, +7)* +(2d, + u+y +0)(d, + u+ O)|E(¢)
—wup I (t =) (&) + E(O)]+ up(d, +w)NI(t -7) (13)
— uB(3d, + p+y + O+ w)I(t —7)S(t) — upS () 1* (¢ ~ 7).

We adopt the form of X (¢) to define the coordinate transformation Z>A(x(¢)) in the state
space, which yields L A(x(t)) =y (x(¢)). Thus, the state equation of the closed-loop system under
Xx(t) can be expressed as

0 1 0
x(t)=Ax({t), A= 0 0 1 | (14)
e T

Parameters A,,4,4, must to be designed.

Remark 1 Since the control law u(¢) is defined for all x e R, we consider the infection will

disappear when the number of infected people is strictly greater than zero and smaller than one
individual. Hence, the control measure may be stopped when 0</(¢) <& <1. Therefore, an effective

control law can be expressed as

if0<t<
u(t)={”(t) rosst, (15)
0 if t>¢

where ¢, 2min{t e R; | I(t) < ¢ for some0<¢e<1}.
Remark 2 The parameters 4,,4,,4, depend on the roots of the closed-loop system (11) characteristic
polynomial P(s)= Det(s/ —A), where r,(i=12,3) are the desired roots of P(s). If the closed-loop
system (11) is asymptotically stable, then the characteristic roots of P(s)=(s+r)(s +r,)(s +r,) have
negative real parts, then the values A, =rnr,, A =nn+rnn+nr, and A, =r+r,+r, are greater
than zero.

The control law (10) can be written as
) At @,y 00, + 0= o) +(d,+ 1) E(Q)

u dp I(t-7)
(DA eV ) SO W gp g e
d.up I(t-7) d.N d,
_3a’e+y+;/+9+w—125(t)_dﬁ 1t -)S(0).

d,N N?
The control law is an equation with a delay, so we must ensure that S,E,/,R are nonnegative.

Thus, the parameters A,,4,,4, are chosen such that r;(i =1,2,3) must satisfy Theorem 2.
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Theorem 2 Note that Model (2) with initial condition (3) and r,r,,, must satisfy the following
conditions:

1) r<min{d, +y,d, +u+6%, r,=d,+y, rp>max{d,+y,d, +u+6} and r<r,<r,,

Q) (-n)r—d,—y)—up=20,5+r,>2d,+p+0,

ey 2 (n+n)d, +p+0)—Q2d, + pu+y+0)u+60—y)—(d, +7)°.

Proof. The dynamics (11) of Model (2) can be specified in the state space defined by
x©)=ly@©) y@©) j@©)1 asin (14).

I(6)=ce ™t ot oen Y (Veze), (17)

where r,r,,r, are the eigenvalues of A, so it follows that ¢,,c,,c, can be obtained by the following
equation
[(t)=c,+c, +c,
—(d, + (7)) + pE (7)== (c,f; + €1, + C413) (18)
(d, +7)1(z) ~ p(2d, + p+y +O)E(@) + ufS(0)1(0) = .17 + 6,15 +cy15

Equation (18) can be writtenas R-C =M, where

1 1 1 G 1(7)
R=|r, r, r|,C=|c,| M= (d, +)1(z) - HE(?) . (19)
5onor Cy (. +7)*1(x) — p(2d, + p+ y + O E(7) + p,S (r)1(0)

The matrix R is the Vandermonde matrix. Thus, when r,#r, #r,, R is an invertible matrix. By
calculation, we have C=R"-M .

[~ +5)(d, +9) +(d+ ) U(@) + uln, + 1, —2d, — u—y = O)E (1) + 4B (0)S(7) |
(ry—n)(r,—n)
c=|c, |<| Latn)d.+7)-rr - (d + VY (@)~ plti + 13+ 2d, + oty +O)E(D) — pfl(0)S(7) | (20)
(ry—n)(r,—n)
[nn, = (5 + p)(d, + )+ (d, + )’ YD) + p(r + 1, = 2d, — 1=y = O) E(2) + uB 1 (0)S(7)
(5 —5)(r—n)

If nn—(n+5)d, +y)+(d, +7)?=0 , r<n<n , n-d-pu-0>0, d +y—-r>0 and
pr,—d, — = O)E(@) + pf 1 (-0)S(0)
(—n)d, +y-n)
Since the ranges of ¢, and ¢; cannot be determined, the following four cases need to be
discussed: (1) c,>0,c,>0; (2) c,>0,c,<0: (3) ¢, <0,c,20; (4) c,<0,¢c;,<0,
(1) For the first two cases, i.e., ¢, >0, we obtain

1(0)>0,E£(¢t)>0,5(t) >0, then ¢, = 0 and r,=d,+y.

I({t)=ce™ +c,e ) 4 e

=ce " 10, 1 [I(r) - ¢, ~ ¢, ]e o
= Cl[e*fl(t—r) _ e—l‘s([—f)] +c, [e—rz (t-1) _e—ra(t—r)] n [(Z_)e—1r3(t—z-)Z 0.

(1) For the case (iii); thatis, ¢, <0 and ¢,>0,
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[(t)=ce ) +c,e ™) e

- (t-1)

=[I(z)-c,—c,]e ™ +c,e ™ 4 e 22)

=c,e " g, [e ) — e 4 [I(2) - )e V20,

Because 7(0)</(z),S(r)< N, we have

[(2)—c,> [(r; — )z —d. —y) —puBl(x) + u(d, + p+6—-n)E(7) >0, (23)
(r,—n)(rz—d.-7)
where /(r)-c,>0 holds when conditions (1) and (2) in Theorem 2 are satisfied.
(11) For the case (iii); thatis ¢, <0 and c¢; <0, we calculate

I(t)=c,e™™ ) +c,e ) 4 ce™

-r(t-1)

= [[(T) - C3 - Cz]e_rl(t_f) + Cze_rZ([_r) + C3e (24)
— [(T)87Q(t71) + c, (e—rz(H) _ efrl(t—r)) + c, (efra(t—r) _ efrl(fff)) >0.
By Egs (11) and (19), we know that
1 - = Sc.(d, +y—r)e
@)= 21d, + T () + Be)] = Y, et 7 =1)
H i=1 H
N ; 2 —r;(t-7)
St)=——> c,Ir'—2d, +u+y+0)r,+(d, +y)d, + u+06)]le”
)= RO~ Qe y 4001, 4 (d, + 70l + 1+ O
= L{cl[rf —d, + u+y+0)r,+(d, +y)d, + pu+0)]e (25)
uBI(t —7)
vo[rf—@d, +u+y+0)r,+(d, +y)(d + u+0)]e O}
_ -5 (t-1) _ —n(t-1)
Since r,=d, +7y, E(t)zcl(de+7/ n)e +¢(d, +y—n)e |
Y7
If c;(d.+y—n)=uE()-c(d, +y—-r),then
_ -h(t-1) _ ,-n(t-7) —ny(t-7)
E(r) = aldetr=n)e e ")rub(e 50 (26)

u

ol —(2d, + p+y + O)ry +(d, +y)(d, + p+ 0)]= 1f.S (2)1(0)
—qlr’ —(2d, + u+y+0)r +(d, +y)(d. + u+ )]
From the second equation in (25), we can obtain

S(t) {alr’ —(2d, + u+y +O)r+(d, +7)(d, + p+O)](e ™ —e ")

__ N
uBI(t —7) (27)
+ WBS (@O} 20,

From the fourth equation of Model (2) and R(¢,) =0, we know that
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R(t,) = d Nu(t,) + y1(t;) + OE ()
1)+ 0 () 4 N oAl t ) T A (doty) (e 4y) 1)

up [(to_T)_
+de+W+NA1+(2de+/u+7/+0)(de+:u+9_ﬂ“2)+(de+7/)2 E(t,) (28)
B [(to_T)
B 1, = 0S(6) - (3, + i+ +0-2)S(6)
Since S(t,)<N,e<I(t,)<N,R(t,) <N ,We can obtain
R(to)zdeNu(to)+7[(to)+9E(to)
27/1(1.0)+6E(t0)+1vﬂ'0_21(de+7)+ﬂ'2(de+?/)2_(de+7/)3 ](to)
,Uﬂ ](tO_T) (29)
+a'e+W+Nﬁ.l+(2de+y+7+8)(de+y+0—/12)+(de+7/)2 E(t,)
B [(to_f)

(4, —3d, — i~y ~0)S(t,) 2 0.

If condition (2) of Theorem 2 holds, then R(z,)>0.
The parameters 1,,4,4, are related to the roots r,r,,r, Of the closed-loop characteristic

polynomial P(s). We can obtain
nry 2 (+n)d, +p+0)—2d, + u+y+0)(u+0-y)—(d,+7)’ , f,+1,>2d, + u+6.
By calculation, control law (16) can be expressed in the following form:

A+ (2d, + pty+0)d, +u+t0-4)+(d, +7) E(t)

u(t)=1+
d.p I(t-7) (30)
o= Au(d + )+ () =, +7)° 1) F =3, —p=y =0 o
d,up I(t-7) d.N B

If conditions (1) and (2) of Theorem 2 hold, then u(¢)>1.

In summary, a strategy control is designed for the control of governmental measures based on
linearization control techniques for nonlinear systems in this section. Moreover, under Model (2) with
initial condition (3), Theorem 2 holds. The control law is proposed to ensure that the panic disappears
after moment tr.

4. Simulation results

4.1. Numerical simulations

We select parameters d,=0.001, x=04, y=04, 6=0.0006, w=01, A=0.01,
£ =02 and N =1000 to study the evolution of the SEIR delayed spread model. The initial values
are chosen as (S(¢),E(¢),/(t),R(t), 5(t)) =(800,60,100,40,0.5) .

Figure 1 shows the evolution process of Model (2) without strategy control. In the initial stage,

the number of susceptible people sharply, the exposed people, infected people and recovered people
show a rapid increase in a very short time. The model tends to reach equilibrium as time passes. To
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make the panic disappear, we should adopt a corresponding strategy control. Figure 2 depicts the
evolution of the different groups under strategy control.

The aim of Figure 3 is to contrast the exposed people, infected people and the trend of panic under
control with and without strategy control to illustrate the effectiveness of strategy control. There are four types
of the group, susceptible, exposed, infected and recovered individuals, as shown in Figure 3(a) and (c). It
shows that the panic has not disappeared, as shown in Figure 3(e). Both the exposed and the infected
individuals eventually converge to zero, as shown in Figure 3(b), (d) and (f). i.e., the panic disappears
and the recovered group tracks the whole group asymptotically. Strategy control is effective.

From Figures 1-3, we can derive that there are some differences in the process of population
evolution with and without strategy control. It is concluded that the strategy control adopted by the
government makes panic disappear within the group, indicating that strategy control should play an
important role in the control of panic. Therefore, when an emergency occurs, the government responds
quickly and releases official information to calm the public panic.
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Figure 1. The evolution of Model (2) with no strategy control.
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Figure 3. (a) The number of infected people /(¢) with no strategy control. (b) The
number of infected people /(¢) with strategy control. (¢) The number of exposed people
E(t) with no strategy control. (d) The number of exposed people E(t) with strategy
control. (e) The trend of panic f(¢) with no strategy control. (f) The trend of panic ()
with strategy control.
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4.2. Numerical simulations with different delays

In this section, we simulate the influence of different time delays on infected individuals, exposed
individuals and the spread ratio of panic in the model with and without strategy control. The time delay
t takes different values (7 =1,2,3).
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Figure 4. (a) The effect of infected people /(¢) under different delay with no strategy
control. (b) The effect of exposed people F(t) under different delay with no strategy
control. (c) The effect of A(¢) under different delay with no strategy control.
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Figure 4 simulates the effect of different time delays on the model with no control strategy. As
can be seen from Figure 4, in the initial stage of emergency, infected people, exposed people and the
spread ratio of panic show a rapid increase in a very short time. The model ultimately reaches a stable
state over time. As the time delay increases, the peak of infected people, exposed people and the spread
ratio of panic decreases.

[—=1
——1=2
=3

—|
—1m2|
=3|

Figure 5. (a) The effect of infected people /(t) under different delay with strategy
control. (b) The effect of exposed people £(¢) under different delay with strategy control.
(c) The effect of B(t) under different delay with strategy control.
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The aim is to make panic disappear. Thus, Figure 5 illustrates the effect of delay on the exposed,
infected and panicked groups with different delays 7 (7=12,3). We observe that the trend of exposed,
infected and panicked decreases as 7 increases, and the same is true for the peak (see Figure 5(a), (b)
and (c)).

It is observed from Figures 4 and 5 that the peak of each group decreases as time delay increases with
and without strategy control. However, the number of groups under strategy control is smaller than without
strategy control, as shown in Figures 4(a) and 5(a), Figures 4(b) and 5(b) and Figures 4(c) and 5(c).
Moreover, the adoption of strategy control makes the number of infected people, the number of
exposed people and the spread ratio of panic disappear and drop to zero within the groups, indicating
that strategic control is effective. Therefore, a longer delay, i.e., a longer latency period, can reduce the
number of infected individuals and effectively control the spread of panic.

4.3. Sensitivity analysis

The basic reproduction number is an important standard of the presence of panic within the group,
to which we perform sensitivity analysis. We analyze the dependence of the basic reproduction number
R on € and y and obtain

OR 4p
00 (d,+u+0)°(d, +7)
OR _ up

oy (A +u+0)d +y)?

45

Figure 6. Relationship between KR and parameters 6 and ) .
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If Z—§<O and 8—R<O , then they are monotonically decreasing; i.e., the basic reproduction

oy
number decreases as ¢ and y increase, as shown in Figure 6. Therefore, the rate of recovery and
rehabilitation of the population is important to eliminate panic. When an emergency occurs, the
government takes measures (releasing information about the event and its progress) so that individuals
in the group can be transformed into recovered individuals more quickly due to the timely response of
the government, i.e., the rate of recovery and rehabilitation of the population can be increased.
Therefore, the government can achieve exactly this goal by control measures.

5. Conclusions

This paper presented a type of strategy control for reducing the spread of panic in groups in
emergencies. Based on an epidemiological model, a delayed SEIR model was developed taking into
account delay and the time-varying panic rate. The spread of false or uncertain information in a group
in an emergency leads to group panic. The government should take corresponding strategy control to
counteract this. Our aim was to make the exposed, infected and panicked individuals disappear from
the group, which the recovered group asymptotically tracked the whole group. Therefore, we take an
exact linearization approach for the nonlinear system to design the control law and prove its stability.
We simulated the evolution of the model with and without strategy control, and the simulation results
are consistent with the theoretical results. At present, the reason for numerical simulations is that there
are no databases to find out the real data on the spread of panic under emergencies. At the same time,
there are no conditions for obtaining experimental data because real scenarios are complicated and
difficult to simulate. Moreover, since the simulation results rely heavily on experimental data, the
accuracy of experimental data is very high and the flexibility and adaptability are very poor. Thus, the
application of experimental data to explore the propagation mechanism of emotions needs to be further
explored. The spreading model established in this paper is a continuous model, but there is much
discrete phenomena in the real life. The problems related to discrete were also the major research topic.
Therefore, it is necessary to establish discrete epidemic models to explore the transmission mechanism
of emotions in future research. In this paper, we studied the evolutionary process of panic in the group
from a macroscopic perspective. In future research, we will analyze the individual-individual
interactions and visualization at a microscopic level. Thus, a combination of macroscopic perspective
and microscopic perspective was used to simulate crowd evacuation in emergencies.
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