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Abstract

This paper proposes and investigates a model for rumor spreading and control which accounts
for different attitudes and for a distinct type of variable, related to the strength and effec-
tiveness of rumor inhibiting mechanisms. The control mechanisms essentially amount to
budgeting and to adjusting the attitude of spreaders. The existence and stability of the trivial
(rumor-free) equilibrium and of the semi-trivial equilibrium are characterized in terms of
two threshold parameters which quantify the influence of both categories of spreaders. The
existence of a positive (rumor-prevailing) equilibrium is also established, its stability being
discussed with the help of a bifurcation theorem. A nonstandard finite difference (NSFD)
scheme is devised to construct approximate solutions while preserving their positivity, nec-
essary conditions for the existence of the optimal discrete rumor spreading controls being
then established.
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bifurcation - Fixed horizon optimal control regime
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1 Introduction

Rumors, unconfirmed and often unconfirmable elaborations upon matters of private or public
interest for which truth is sometimes of little-to-no importance, can often distort facts and
shape misinformed opinions, irreparably damaging long-standing reputations in the process.
Rumors can also cause public unrest with unpredictable consequences, increase the volatility
of financial markets, and create panic in times of need such as during natural disasters and
disease outbreaks. In comparatively rarer occasions, rumors can also have a positive impact,
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drawing attention to deserving persons and raising public awareness of worthy causes or of
specific events. There are also viral marketing campaigns in which marketing information
can be spread to and by unsuspecting potential customers from person to person or shared
via the ubiquitous social networks.

Rumors often spread due to lack of scientific knowledge and official information. Releas-
ing official information may and often does contribute toward changing the attitude of rumor
spreaders, even to the point of stifling the rumor they previously spread with just as much
enthusiasm. Better knowledge of the mechanisms of rumor spreading and a realistic approach
toward their modeling would be of major importance in containing the spread of misinforma-
tion and, on the other hand, in low-key dissemination of information meant to shape public
opinions.

In their pioneering papers Daley and Kendall (1964, 1965), Daley and Kendall proposed a
model of rumor spreading, now known as the Daley—Kendall (DK) model, which is function-
ally similar to a disease propagation model and makes use of three compartments: ignorants,
spreaders, and stiflers. However, they assumed that, upon hearing a rumor, an ignorant will
necessarily become a spreader. This shortcoming has been mitigated by Maki and Thompson
in Maki and Thompson (1973).

With the advent of complex network theory, further enhancements of the DK model
have been devised to account for network topology. Zanette (2001, 2002) proposed a rumor
propagation model on a small-world network and determined a critical threshold for rumor
spreading. The stochastic properties of the MT model on scale-free networks have been
investigated in Moreno et al. (2004) by means of Monte Carlo simulations. Kawachi (2008)
discussed an age-structured transmission model, accounting also for the variability of the
rumor. Dodds and Watts (2004) explicitly incorporated the memory of past exposures into a
susceptible-infected-removed (S R) model. A comprehensive model which uses the concept
of information entropy to account for the role of memory, conformity effects, differences in
the subjective propensity to produce distortions, and variations in the degree of trust that
people place in each other has been proposed by Wang et al. (2017). Musa and Fori (2019)
distinguished between spreading by means of personal communication and spreading by
means of mass-media. Piqueira et al. (2020) introduced an additional class of fact-checkers
to discuss the propagation of fake news, building on an earlier work of Piqueira (2020).

Other recent developments include considering the effects of other mechanisms such
as forgetting mechanisms (Zhao et al. (2003)), incubation mechanisms (Al-Tuwairgi et al.
(2015)), hesitation mechanisms (Xia et al. (2015)), different probabilities for spreaders to
become stiflers (Zhao et al. (2013)), different spread inhibiting and attitude adjusting mech-
anisms (Li et al. (2021)), influence of dissenting opinions (Bodaghi and Goliaei (2018)), use
of evolutionary game theory to explore the causes of user behavior ( Xiao et al. (2019)), use
of fractional calculus to better capture the past history of variables (Singh (2019)), crowd
classification based on personality (Chen and Wang (2020)), stochastic perturbations of white
noise type (Jia and Lv (2018)), and fuzzy environments (Kumar et al. (2020)).

A model which keeps track of ignorant, spreader, and stifler populations, respectively,
along with a fourth compartment quantifying the cumulative rate of awareness programs, has
been employed by Huo et al. (2019) to describe the effects of behavioral changes induced
by awareness campaigns via media reporting on rumor spreading. The model of concern in
Huo et al. (2019) also accounts for loss of awareness that happens as a result of forgetting
mechanisms or of other social reasons, allowing aware individuals to become ignorants again.
Apart from a stability analysis, a control problem with media reporting as a control variable
is also investigated in Huo et al. (2019), the objective being the minimization of negative
effects caused by rumor dissemination.
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A model for rumor spreading on social networks has been introduced in Zhu and Wang
(2020), its distinguishing features being the use, in addition to the population compartments
mentioned above, of a fourth one, the rumor-indifferent population, which believes the rumor
but does not transmit it, and of a silence-forcing function acting as a limiting factor for rumor
spreading. Also, the model allows for a rumor-indifferent or rumor-propagating individual to
self-recover (i.e., to become a stifler) as a result of own judgment. Apart from a stability and
bifurcation analysis, an optimal control problem for which the control variable is a certain
component of the silence-forcing function is investigated, the objective being to reduce the
number of rumor-propagating individuals with minimal investment.

Another model for rumor spreading on social networks allowing for both instant and
delayed conversion of ignorants into spreaders has been investigated in Zhu et al. (2020),
sufficient conditions for the Hopf bifurcation of the rumor-elimination equilibrium being
presented alongside extensive numerical simulations. A control problem for an associated
nondelayed model is also investigated, the objective being increasing the number of stiflers
and decreasing the number of spreaders with minimal costs.

It is then of great importance for the concerned governmental bodies to establish rumor
control mechanisms to identify and mitigate potentially disruptive rumors. However, dis-
pelling and rebutting rumors at a societal level requires coordinate efforts and a dedicated
personnel, necessitating adequate budgeting. In our model of rumor spreading, we attempt
to introduce the inhibiting mechanism, which depends only upon governmental input, acting
toward changing the attitude of spreaders. We then discuss the qualitative properties and
optimal control regime of the inhibiting mechanism upon rumor spreading together with the
influences of the design parameters on budget input and, respectively, the natural decay rate
of the inhibiting mechanisms, our aim being to provide a more accurate perspective to rumor
control, along with actionable insights.

Most previous studies on rumor spreading relied, as mentioned above, on models which
were originally introduced as disease progression models. This is not the case with our model.
Apart from using a state variable which is not related to the attitude toward rumor spreading
(that is, not related to disease status, in an epidemiological setting) but to the strength and
efficiency of rumor control mechanisms, there is no natural progression between the spreader
compartments in our model, which consequently cannot and should not be thought as an
augmented SE R model.

The remaining part of this paper is organized as follows. In Sect. 2, after detailing our mod-
eling considerations, we introduce our rumor spreading model, which accounts for different
attitudes toward rumor spreading and attempts to quantify the effects of rumor control mea-
sures taken by the concerned bodies. In Sect. 3, stability properties for the trivial (rumor-free)
and semi-trivial equilibrium, respectively, are established in terms of threshold parameters
which bear a certain resemblance to the basic reproduction number of mathematical epidemi-
ology and quantify the influence of spreaders. The existence of a positive (rumor-prevailing)
equilibrium is also established, its stability being discussed with the help of a bifurcation
theorem. In Sect. 4, we devise an NSFD scheme for the construction of the approximate
solutions, discuss its consistency, and then establish necessary conditions for the existence
of the optimal discrete rumor spreading controls. In Sect. 5, we illustrate and enhance our
theoretical findings via numerical simulations. Finally, several concluding remarks are given
in Sect. 6.
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2 Modeling considerations
2.1 Model parameters and control variables

The population which is subject to rumor control mechanisms is assumed to be of variable
size (N), being subdivided into the following compartments: ignorants (/), conformable
spreaders (latents) (L), obstinate spreaders (5), and stiflers (R). Also, P is a rumor control
variable which quantifies the strength and effectiveness of the rumor control mechanisms.
We make several assumptions upon the ways in which the rumor spreads and is controlled,
as shown in Fig. 1 and then summarized below.

(i) The movement of individuals between compartments is irreversible.

(i1) The rumor spreads in a population which is subject to both immigration and emigration.
All recruitment is into the ignorant class, at a constant rate A. The emigration rate is
W, independent of the compartment.

(iii) Upon successful contact with a spreader, an ignorant moves to the conformable spreader
compartment. That is, it is assumed that not even the most obstinate spreaders are
persuasive enough to turn ignorants into obstinate spreaders immediately (or perhaps
not even the most gullible ignorants can be instantly persuaded to become rumor
spreading zealots without further evidence). Also, it is assumed that only an obstinate
spreader can turn a conformable spreader into an obstinate spreader, while another
conformable spreader cannot. Specifically, when an ignorant contacts a conformable (or
obstinate) spreader, the former turns into a new conformable spreader with probability
B1 (respectively, f2). When a conformable spreader contacts an obstinate spreader, the
former turns into an obstinate spreader with probability S3.

(iv) The obstinate spreaders may cease to spread rumors only when they are subjected to
rumor control, in which case they become stiflers, at a rate € f (P).

(v) The spread inhibiting function f(P) depends on the strength and effectiveness of the
rumor control mechanisms, satisfying:

(@ f(P)=0,P € (0,+00); (b) f'(P)=0,P € (0,+00).

(vi) The effects of ongoing government policies upon the strength and effectiveness of the
rumor control mechanisms are described by a positive, continuous, and bounded budget
input function v (¢), while a parameter p can be used to describing the effectiveness
of the implementation of government policies. The parameter e represents the natural
decay rate of the rumor control mechanisms. In addition, the impact of spreaders
eluding rumor control mechanisms upon the rumor control variable can be quantified as
0(r) = (1—A(1))0,in which A(t) = exp(yi(t) —8). Here, y is the validation parameter
of the inhibiting mechanism and i () (> 0) is the attitude adjusting behavioral response
of the spreader population. Both ¥ and i are to be understood as control functions. In
addition, 8 is the positive rescaling decay parameter for the spreader population and 6 is
the maximum decay rate. We assume that the degradation of the inhibiting mechanism
and their natural clearance in the social environment are not as rapid as to make the
decay rate 6 () negative.

Note that vertical arrows pointing upward are used in Figure 1 to indicate “media-
tion”’(influence), rather than transition of individuals. For instance, the vertical arrow starting
from P which is perpendicular on the arrow going from S to R describes the fact that the
transition of S (P) individuals from the S class to the R class happens as a result of the
control mechanisms described through the use of the P variable.
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Fig. 1 A flowchart of the model

Remark 1 Examples of functions f satisfying (v.a) and (v.b) are the convex function f(P) =
a P2, the linear function f(P) = aP,the concave function f(P) = a~/ P, and the S-shaped

function f(P) = H—b%’ a,b>0.

2.2 The model

On the basis of the above considerations, we may now introduce our rumor spreading model
as seen below:

A LI — BoSI — I

di = 1 2 mi,
dL
“C=PILI+PrSI = B3LS — uL,
das

52,33[45—85]((1))—#5, (nH
AR _ osrP)— uR

an . — LR,

di "

dP

o pY(t) —(e+0())P,

an overview of state variables and model parameters being given in Table 1.

Let us denote ¥4 = SUP; [0, 4+00) ¥ ().
By a comparison argument, it can be shown that the set:

A
.Q:{(],L,S,R,P)eRi:O§I+L+S+R§—,0§P§'mﬁm‘”}
" e

is a positively invariant set of (1).
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3 The dynamics of the simplified model
3.1 The simplified model

To fully characterize the dynamical behavior of the solutions, we need detailed knowledge
about the profile of the control mechanisms. In what follows, we consider fixed values for
the control functions, that is, ¥ () = ¥ and i(#) = i, which in turn implies that 6(¢) is also
a constant, that is, 0(¢) = 6. Since the stifler compartment does not directly influence the
dynamics of the other compartments, the rumor control variable P is directly supervised by
the concerned authorities and, on the long term:

im Py =Y
t—+00 e+06

we are led to considering the simplified autonomous form below:

a5 BILI — BoSI — pul

dt = 1 2 ni,

dL

57 = PILI+ B2ST = 318 — pL, 2)
ds pY

— = B3LS —eSf(———) — us.

2 =P € f(e+9) W

3.2 The conformable spreaders influence number

As previously done for the higher dimensional model (1), it can be shown that the simplified
model (2) is well posed and has positivity-preserving solutions. Also, (2) has a rumor-free

equilibrium Ey, given by:
A
Eop = (—,O, 0).
"

To be able to establish the stability properties of (2), we now introduce a threshold param-
eter, which we shall call from now on the conformable spreaders influence number R of the
model, defined ad hoc via the next generation method, an approach which has been proven
very successful in mathematical epidemiology.

Let X = (L, S)T. The second and third equations of (1) can altogether be written as:

ax =F(X)—-VX
VT (X) (X),
in which:
[ BILI + B2ST — B3LS _ uL
Fx) = ( BiLS ) Vo = (sSf(ffg) +MS>'
We obtain:

1A poA w 0
F = D]-— = I I3 , V = DV == .
[ Eo1 0 0 [ Eo1 <0 Sf(epf@) +M>
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The conformable spreaders influence number Rg; of (1) is then defined as the spectral radius
of the matrix FV~!, which leads to:

A
Ry = 124 3)
%

and can be interpreted as the average number of ignorants turned into conformable spreaders
by a single conformable spreader when introduced into a totally ignorant population. It is to
be noted that Rg; does not depend upon f, since f characterizes control mechanisms which
are applied to the compartment of the obstinate spreaders only.

It is easily seen that Rg; > 1 implies that the system (1) has yet another semi-trival
equilibrium, namely an ignorant and conformable spreader-only equilibrium E(y, given by:

Ep=|— R, 1),0]).
02 (ﬂﬂ(m)>

Note that the very existence of Egy shows the fact that our model is not a direct equivalent of
a SEI model (or of a related one, for that matter), for which no such semi-trivial equilibria
exist, although one could think of conformable spreaders as being “the exposed”. This hap-
pens, since in our model, there is no natural progression between the conformable spreader
compartment and the obstinate spreader compartment.

3.3 The obstinate spreaders influence number and the stability of the equilibria

First, it is seen that R is a threshold parameter for the stability of Eo;.

Theorem 1 The rumor-free equilibrium Eg = (%, 0, 0) is locally asymptotically stable
provided that Ry < 1 and unstable provided that Roy > 1.
Proof The Jacobian matrix of the system (1) at Eg; is:
14 _bAa
y)
J(E=| 0 BE—p 22 : “
00 —erZh)

We then obtain that J(Eg;) has the following eigenvalues:

o=—p, = —(af(ﬂ) ), hs=p(Ror — D).

While 11, A» < 0, it is seen that Rg; < 1 if and only if A3 < 0. Also, Ro; > 1 if and only
if A3 > 0. Hence, Ey; is locally asymptotically stable provided that Rg; < 1 and unstable
provided that Rg; > 1. This completes the proof. O

We now turn our attention toward investigating the stability of Egy. As seen above, this
equilibrium exists if and only if Rg; > 1. We first see that the Jacobian matrix of the system
(1) at Egy is given by:

_ABL _ b
A " g ﬂ}x 2
J(Ep) = ﬁlu—li 0 ﬁé]ﬂ« Ba( ;Z%_M ) ] 6))

0 0 BUABSS _rth)+w
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We then find that J (E(,) has the following eigenvalues:

Ro — 1
A= A= p(l—Ro), )‘3:(8f(%>+ﬂ> (W—l)

While X is always negative, A; is also negative whenever E(, exists, and consequently, the
stability of Eq; is determined by the sign of A3. Let us define:

_ BuRoi — 1
02 = T?
Bief(55) + 1)

which is to be interpreted as being the average number of conformable spreaders turned into
obstinate spreaders by a single obstinate spreader when introduced into a population which
is at the semi-trivial equilibrium. From now on, Ry will be called the obstinate spreaders
influence number. Using the above considerations, it is then seen that the following result
holds true.

(©)

Theorem 2 The ignorant and conformable spreader-only equilibrium Egy = (ﬁ, ﬁ (Ro1 —
1), 0) is locally asymptotically stable provided that 0 < Roy < 1 and unstable provided that
Rox > 1.

Note again that in our model, neither the conformable spreaders naturally progress to the
obstinate spreader compartment, nor the obstinate spreaders have the capability to turn igno-
rants directly into obstinate spreaders. Consequently, it is natural to have the stability (or lack
thereof) of E, linked to the influence of obstinate spreaders upon the conformable spreaders
only. Also, while Ro; is akin to a basic reproduction number, R, is more like an invasion
reproduction number, being related to the capability of a compartment to disrupt an equilibria
involving the other compartment only.

To find the coordinates of the rumor-prevailing equilibrium E* = (I*, L*, §*), one needs
to solve the equilibrium system:

A— BIL*T* — BoS*I* — pul* =0,
BIL*I* + BoS™I* — B3L*S* — uL* =0,

" @)
P
L*S* —eS* f(——) —uS*=0.
B3 € f(e +9) Iz
One easily sees that:
& A
B3 ’ BIL* + BaS* + 1’
while S* is a root of the equation AS® — BS*+C = 0, with:
2
A=ppL*, B=p1BL" +upn(Ba+B3)L" — Ao, ®

C = —upi(L*)*(Roz — 1).
It is obvious that Rgy > 1 implies that C < 0. Also:

—u(B+ B3) +\[1(B2 + B+ 4P1 a3 A
> s
28183

L*

that is:
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where:
_ 283(Ro1 — 1)
—(Br+ B3) + /(B2 + B3 + S Prpaps A

*
Roo

implies that B > 0. On the basis of the above considerations, we then obtain the following
existence result.

Theorem 3 The following statements hold.
(i) If Roz > 1, then (2) has a unique rumor-prevailing equilibrium E* = (I*, L*, §¥), in
which §* = ~B+/B—4AC
(ii) If R = 1 > R, then (2) has a unique rumor-prevailing equilibrium E* =
(I*, L*, S*), in which §* = =E.
(iii) If R, < Ro2 < 1 and BZ — 4AC = 0, then (2) has a unique rumor-prevailing
equilibrium E* = (I*, L*, §%), in which S* = 5%.
iv <Ry < lan - > 0, then as two rumor-prevailing equilibria
(iv) If R, <R 1 and B® — 4AC > 0, then (2) h ili ilibri
Ef = (If. L}, S7) and Ef = (I3, L}, S3), in which S}, = ~B=YBI-4AC,
(v) If R, < Ro2 < 1 and B? —4AC < 0, then (2) has no rumor-prevailing equilibrium.
vi) If Roz < min{’Réz, 1}, then (2) has no rumor-prevailing equilibrium.

3.4 Backward bifurcation

While the stability analysis for Eg; and Eqp is rather straightforward, as it relies on a sign
analysis, E* is not really amenable to this kind of approach. Instead, we shall now perform
a bifurcation analysis using Theorem 4.1 of Castillo-Chavez and Song (2004), a theoretical
result based on the Center Manifold Theory, which will yield consequences regarding the
stability of E* as a byproduct. To conform to the framework of Castillo-Chavez and Song
(2004), we use the following notations:

I =x1, L=xp, S=x3.

The system (2) can then be written in vector form as:

dX — HX)
dr ’

where X = (x1, x2, x3)T and H = (hy, hy, h3)T, with:
hy = A — Bix1xa — Bax1x3 — puxy,  hy = Brxixa + Bax1x3 — Baxaxs — uxa,
) Py
h3 = B3xaxz — (e f(——) + pwxs.
e+0

Let us choose 3 as being the bifurcation parameter. While it is certainly possible to choose
other bifurcation parameters, we intended to emphasize the influence of obstinate spreaders
via both this choice of a bifurcation parameter and stating Theorem 4 chiefly in terms of R,
the obstinate spreaders influence number. When Rgy = 1, 83 takes the critical value:

. BiefED +w
7T wRor - D)
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The Jacobian matrix J (Eo2) evaluated for B3 = B3 is given by:

_AB _ﬁéiu
m 1
J(Eo)lpgy=ps = | n(Ro1 —1) 0 ﬁ(ﬂz - Bi(Ro1 — 1))
0 0 0

This matrix has a right eigenvector w = (wy, w2, w3)” associated with the eigenvalue 0 at

B3 = B3, with:

B (Ro1 — 1) — B2 _ BiA(B2— B5(Ro1 — 1) — pop*(Ror — 1)
Bi(Ro1 — 1) Biu?(Ro1 — 1)

w)] = s
w3 =1
and a left eigenvector v = (v1, v2, v3) associated with the eigenvalue 0, with:

U1:U2:O, v3:1.

To apply the bifurcation result presented in Castillo-Chavez and Song (2004), let us compute
the quantities involving the second-order partial derivatives indicated therein, given by:

2y 2hy
a= E/f’,-’jzlvszw] D310, (En, 3), b= Elf,izlvsz PRYE (Eo2, B3)
3
Consequently:
8%h3 82h3
a = v3wrws3 31201n + vzw3ws 9302 B3worw3
Also:

8%h ef(2L) +
b=2i3=1v3wi 3 — f e+6 M

0x;0B5 B3
By applying Theorem 4.1 of Castillo-Chavez and Song (2004), we obtain the following result.

Theorem 4 The rumor-prevailing equilibrium E* is locally asymptotically stable for Roy >
1 but close to 1 and the system (2) has a backward bifurcation at Rop = 1 if one of the
following equivalent conditions is satisfied:

e f(LL ) 2 _
PrefCagt) o d A = Bant (7301/)1//1) .
1% ﬂl(sf(m)ﬂt))

B1(B2— n
.. ﬂ1A(8f(,%)+u) 1A (Ro—1)
i) Bpp > —— " —and A > =—=1—;
(0 F w(pr1A—p2(Ro1-1) P
Ap(Ro1— (e f (L) +m)
A

(i) B2 >

(iii) B > and By € (B}, B3), in which:
g — APy — \/(/1132)2 4B Ap(Ror — 1)(€f(g+9) + )
b 24 e f(LL) + 1) ’
g1 Ay + \/(Aﬂz)2 — 4B Ap(Ro1 — 1)(8f(e+0) + M)
2 =

28 f(L5) + w)
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4 The nonstandard finite difference (NSFD) scheme

In this section, we make use of the nonstandard finite difference (NSFD) scheme approach
devised by Mickens (1994), and further elaborated by Anguelov and Lubuma (2001). This
approach is proved to be more appropriate than the classical Euler and Runge—Kutta approxi-
mation schemes, because, as far as the existence and positivity of the equilibria are concerned,
it is dynamically consistent with the original continuous-time model (2), regardless of the
step size taken in the numerical simulations. Most importantly, the dynamical consistency
guarantees the positivity of solutions, contrary to other numerical schemes that may produce
negative or spurious approximate solutions. The main features of a NSFD scheme are as
follows (see also Anguelov and Lubuma (2003), Mickens (2007), Garba et al. (2001) for
further details).

— The standard denominator value A7 = h of the discrete derivatives is replaced by a more
general function ¢ (h), which satisfies the condition ¢ (h) = h + o(h?).

— Nonlinear as well as linear terms are approximated in a nonlocal way using more than
one mesh point.

4.1 The discretized model

By employing a NSFD scheme, we hereby construct the following discretized version of the
model (2):

% = A= Bily+1Ln — Baln+1Sn — wlpt1,

Lot = Lo g g 1+ Balr S — BaLns1 Sn — i

b (h. 10) 1Lnln+1 21n+19n 3Ln+10n n+1, 9)
Sn+] — Sn

_ Y
s (h, " Sf(%)) = B3SnLn+1 — gf(m)SnJrl — WSn+1,

in which:
elth oy eu+8f(%) -1

1
, ¢ h7 € — .
3( I f(,+9)) M 8f(pw9)

¢1(h, ) = ¢a(h, p) =

Hereinafter, I, = I(t,), L, = L(t,), and S, = S(t,) are the sizes of the of ignorant,
conformable spreader, and obstinate spreader populations, respectively, at time t, = nAt.
All other parameters have the same meaning and values given in Table 1.

4.2 Positivity of solutions

In this section, we establish the positivity of the approximate solutions constructed via the
NSFD scheme, as seen in the following result.

Theorem 5 The solutions I, Ly, S, of the discretized model (9) are positive at all times t,,
forn =1,2, -, provided that they start with positive initial conditions Iy, Lo, and Sp.
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Proof By solving (9) at step n + 1, we obtain that:

A+ ..
Lit1 = - = j1u, Ly, Sn),
1+ ¢1(BiLy + B2Sn + 10)

Ly(1 4+ ¢oBilnt1) + &2Bolnr1Sn . .
Lo == 1&&(225 +,f> S = (L S ), (10)
aYn

Sn(l +¢3,33Ln+1) ..
_ = 30 Lus).
L+ galef 2Ly +p) T

The desired positivity property follows now from an easy induction argument. Consequently,
the solutions of (9) are always positive whenever they start with positive initial data. O

Sn+1

4.3 The fixed points of the discretized model

The fixed points of the discretized model, corresponding to the equilibria of the continuous
model, can be obtained by solving the following algebraic equations:

I* = ji(I*, L*,§%), L*= jp(L*, 8% I%), S"=j3(5" L"). an

It is easy to see that the system (11) has the semi-trivial solutions (3,0,0) and

2
(/f% A’i‘ /3_1 1~ 0), which are also the semi-trivial equilibria of (2). As for the positive solution,
its components are determined as shown below.
s
From the third equation in (11), we see that L* = Ff(‘g# Also, solving the first

equation of (11) for I*, we obtain [* = m Substituting the values of L* and 7*
into the second equation of (11), one notes that S* is the positive solution of the following

quadratic equation:
AS* 4+ BS* 4+ C =0,

in which the coefficients are same as those given in (8), which implies that the fixed points
of the NSFD scheme coincide with the equilibria of (2).

4.4 Necessary conditions for the fixed horizon optimal control regime

So far, we have investigated the dynamics of continuous and discrete models of rumor spread-
ing which are subject to two control mechanisms: attitude adjustment via educational or
punitive measures and enhancement of strength and effectiveness of the rumor control mech-
anisms via more generous budgeting.

Our optimal control problem can be posed as the following question: What is the
best-combined control regime of attitude adjustment and budgeting for the discrete model
described above, so that the population size of the spreader population is reduced to a minimal
level?

In what follows, we focus on the optimal control problem with augmented states, which
can be solved by means of the discrete minimum principle introduced by Goodwin et al. in
Goodwin et al. (2005). Even though optimal control theory for systems of difference equations
seems to be an adequate tool for the social sciences, it is perhaps underused in population
dynamics. In our case, the control variables are v, the budgeting function, and i, the attitude
adjustment function. In what follows, we shall derive the necessary optimality conditions for
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the control mechanisms that minimize the size of the obstinate spreader population. To this
end, let us define:
T T
{Xu} = [X,i, X;, X,%] = [1,,, Ly, Sn} :

{va} = HVJ, Viﬂ = {[wn,in]T} ,

in whichn =0,1,---, N — 1. Here, N is the (discrete) optimization horizon. Our control
problem can then be stated in the following form:

Minimize vy (X,, Vi) = X3 + SN 0N (X3 4+ ey (VH? + i (vHD)

_ . (12)
= Sy + SN, ey ¥ + i)
subject to:
¢1A + In ..
Xpy1 = Ins1 = = j1(Xn. Vi),
O G Bl + BS )
(@1 A+1n) B (@1 A+1) 2 B2Sn
X2 1 =Ly = L+ ]+¢1(ﬂ1Ln+ﬂzSn+u)) + 1+¢1(B1Ly+B2Sn+1n)
" 1+ ¢2(B3Sn + 1)
= jZ(Xn, Vn)’
(p1 A+In)o B1 (@1 A+1In)¢2 B2 Sn (13)

L,(1+ m o )+ n -
. (1 + ¢ fy ———— AL LRI TR )
+1 = On+l =
" 142 (e f (Z5) + 1)

= j3(Xn; ‘/n)a

Xo =X,

in which ¢y and ¢; are suitable weights. Also, X is the initial state and:

el () }
¢§l =————, O =U-=21)0, i, =exp(—yiy+9).
wtef (85
To apply the Karush—Kuhn—Tucker (KKT) optimality conditions, we need to verify the
constraint qualification that the gradients of the equality constraints be linearly independent
when evaluated at the minimizers. Subsequently, we define a new variable:
T
. T T T T yT T 5N+3
X:[XO,X e xTVE L, ,~-~,VN_1] e ROV43,

which comprises all the variables with respect to which the optimization is performed. Now,
let:

J X, Vi) = Lt (X, Vi)s 2(Xs Vi), 3 (X, VI

We can then write the state equations (13) as 3(N + 1) equality constraints on X as follows:

ho X — Xo
hy J(Xo, Vo) — X1

h(X) = = . =0. (14)
hn JXN-1, V=) — XN
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Let us also define:

. ax! ax2 ax; . vl av,
AN I VA 8 B NV ) (15)
= | ax] ax? ax; |- = | av! avZ |-
N T T T Y
ax} ax? ax; avl av?
fork=0,1,---, N — 1. We then compute the (3N + 3) x (5N + 3) Jacobian matrix of the
vector-valued function 2(X) in (14) as:
-z 0 0 --- 0 0 0 O 0
- 0 - 0 0 F=0 0
oh ) )
X . .o
: : : . N oo . ;
o 0 0 --- XN -z 0 0 --- Vo

where 0 denotes zero matrices of appropriate dimensions, and /3 denotes the 3 x 3 identity
matrix. Since the matrix %l( in (16) has full row rank for all X € R3¥*+3, the gradients of the
equality constraints (14) are linearly independent in R>V*3, which implies that the constraint
qualification required by the optimality conditions of Theorem 2.5.5 (Karush—Kuhn—Tucker
Necessary Conditions) in Goodwin et al. (2005) is satisfied for all X € RIN+3,

Next, we introduce the Lagrange multipliers A_; € R3 for the initial state equation in
(13), and the other Lagrange multipliers:

{hos Aty ANt} M ERY k=0, -~ N —1,
for the other state equations in (13), and denote:
A=A, ko an
We then construct the following Hamiltonian function £ : R3VF3 x R2V x R3N+3 _ R:
HX, ) = Xy + 2V X+ ey (VD2 +a(vH?) + 2N A by (17)

According to the KKT conditions, we obtain the following necessary condition for the exis-
tence of the optimal rumor spreading control.

Theorem 6 A necessary condition for the sequences {X{j, -+ , X5} AV, -+, Vy_ ) tobe
the minimisers of the optimal control problem (12) and (13) is that there exists a sequence of
Lagrange multipliers A* = {A* |, A5, - -+ , Ay _}, such that the following conditions hold:
(i) X* = [(X(’)k)T, cee (X}"V)T, (VO*)T, s (V;,il)T]T satisfies the state equations:
(13).
(ii) O 7 =52 fork = 0,1, N — 1, and ()" = (0,0, )"
(iii) PG =0 fork =0,1,--- , N — 1.

5 Numerical simulations

In this section, we perform several numerical simulations to illustrate the modeling consid-
erations and theoretical findings presented in the previous sections. We first choose A = 40,
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1(0)=300, L(0)=20, S(0)=1
1(0)=600, L(0)=40, S(0)=2
1(0)=900, L(0)=60, S(0)=3
1(0)=1200, L(0)=80, S(0)=4
1(0)=1500, L(0)=100, S(0)=5
1(0)=1800, L(0)=120, S(0)=6
150
100
@
50
05l
120
1800

20 a0 I(t)
Fig. 2 The dynamical behaviors of the ignorant, conformable spreader and obstinate spreader populations,
respectively, for A = 40, 81 = 0.0002, 8, = 0.0001, 83 = 0.5, u = 0.1, ¢ = 0.0022, ¥ = 10, e = 0.5,
6 = 0.2, p = 0.5 and for several distinct initial conditions

50 T T T T T
45 B
40 -

35 - Y

30 - -

20 —

v ]
\§
* = e L i -l

0 ] |
0.8826 0.8828 0.883 0.8832 0.8834 0.8836 0.8838 0.884 0.8842 0.8844
Roa

Fig.3 A backward bifurcation. The solid blue curve and solid blue line segment depict the stable equilibria,
while the dotted red curve and the dotted line segment depict the unstable equilibria. Here, A = 400, 81 =
0.0002, B, = 0.5, B3 € (0.00049, 0.00053), © = 0.1, ¢ = 0.0022, the other parameters having the values
given in the caption of Fig. 2
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1500

Fig. 4 The dynamical behaviors of ignorant, conformable, and obstinate spreader populations, respectively.
The blue curve and the red curve denote solutions tending to the stable equilibria (one is the rumor-prevailing
equilibrium and the other is the rumor-free equilibrium), respectively. Here, A = 400, 81 = 0.0002, 8, = 0.5,
B3 = 0.00049654, 1 = 0.1, and ¢ = 0.0022, the other parameters having the values given in the caption of
Fig. 2

105

104.5

103.5 B

103 1

Ity

102.5 q

102 | i

101.5 B

101 F 1

100.5 i

100 ! ! ! ! ! ! ! ! !

Fig.5 Superimposed continuous (blue) and discrete (red) dynamical behaviors of the ignorant population for
A =400, B; = 0.001, B = 0.002, B3 = 0.0005, & = 0.1, ¢ = 0.0022, y = 10,e =0.5,0 = 0.2, p = 0.5,
h = 0.1, and the initial conditions (100, 3700, 10) (color figure online)
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3720 T T T T T T T T T 10

3715

3710 +

L
s(t)

3705

3700
94

3695 n n n n n n n n n 93 n n n n n n n n n
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

t t

Fig.6 The superimposed continuous (blue) and discrete (red) dynamical behaviors of the conformable spreader
population and of the obstinate spreader population, respectively. The parameter values and initial conditions
have the values given in the caption of Fig. 5 (color figure online)

a b
( 8?)0 The weakest control regime ( 1)0 The strongest control regime
700 i 99 1
98
600 1
9.7
500 1 96|
Sa00} 1 F95r
al
300 1 9
93r
200 1
921
100 1 91l
0 L L L L L L L L L 9 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

t t

Fig. 7 The discrete dynamical behavior of the obstinate spreader population for A = 400, g; = 0.001,
B2 = 0.002, B3 = 0.0005, u = 0.1, & = 0.0022, ¢ = 0.5,6 = 0.8, y =0.09,8 = 0.98, p = 0.5, h = 0.01,
and the initial conditions (100, 3700, 10). (a) ¥, = l and i, = 1; (b) ¥, =20 and i, = 10

B1 = 0.0002, B, = 0.0001, B3 = 0.5, u = 0.1, ¢ = 0.0022, v = 10,e = 0.5,0 = 0.2,
p =0.5 and f(P) = lﬂ%‘ It is then seen that Rg; = 0.8 < 1, which implies that the
ignorant-only equilibrium Eg; = (400, 0, 0) is stable and the rumor dies out, as shown in
Fig. 2.

To depict a bifurcation curve, we choose A = 400, 81 = 0.0002, B, = 0.5, B3 €
(0.00049, 0.00053), u = 0.1, ¢ = 0.0022, v = 10, e = 0.5,0 = 0.2, p = 0.5 and
f(P) = 1-4-82%’ and see that 7232 ~ 0.8827. As shown in Fig. 3, a backward bifurcation
occurs.

Furthermore, for 3 = 0.00049654, which implies that R, ~ 0.8828, there exist a stable
rumor-prevailing equilibrium and a stable rumor-free equilibrium in system (2), as shown in
Fig. 4.

To illustrate the claim that our discrete model (9) is dynamically consistent with the original
continuous-time model (2), we fix A = 400, 81 = 0.001, g = 0.0022, 83 = 0.0005,
nw=0.1,6 =0.002,¢¥ =10,e =0.5,0 = 0.2, p = 0.5, h = 0.01, and the initial condition
(100, 3700, 10), the (superimposed) results being shown in Figs. 5-6.
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The optimal control regime
T T T

600 T T T T T
Optimal control (two variables)
——— Optimal control (fixed i =1 foralln)
500 | ——— Optimal control (fixed v, =1foralln)| |
35
400 30 4
25
= L 20 4
» 300
15
10
200 |- 0 20 30 40 50 1
100 | 9
0 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50

Fig. 8 Behavior of the spreader population in three scenarios: the optimal combined control regime (with
Y € [1,20] and i, € [1, 10] as control sets), the optimal single control regime (Y, € [1,20], i, = 1),
another optimal single control regime (Y, = 1, i, € [1, 10]). Here, A = 400, g1 = 0.001, 8 = 0.002,
B3 =0.0005, 1 = 0.1, = 0.0022,¢ = 0.5,0 = 0.8,y = 0.09, 8 = 0.98, p = 0.5, h = 0.01, and the initial
conditions are (100, 3700, 10)

T T T T T T T T T

R

s e

P - —

-

<18k N

i 599
14

son -

saa B R I RN
45 .
T T T T
f

RN
L i i L

L L L L L L L L L
) 000 To00 2000 0 00 £ ey w0 E: %0 000 1500 2000 2500 3000 3500 w000 00 00

Fig. 9 Impact of varying the release rate of inhibiting mechanisms (¥, € [1, 20]) and the self-adjusting
mechanisms (i, € [1, 10]), respectively, upon the optimal combined control regime. The parameter values
and initial conditions have the values given in the caption of Fig. 8. e = 0.5,

To describe results attained via distinct fixed horizon control regimes of the system (9),
we choose A = 400, g; = 0.001, B, = 0.002, g3 = 0.0005, u = 0.1, ¢ = 0.0022,
Y € [1,20],e = 05,6 =05,y =0.1,8 = 0.01,i, € [1,10], p = 0.5, h = 0.01,
cy = 0.0015, and ¢; = 0.001, the numerical particulars under different combinations of
andi,,n=0,1,---, N — 1, being given in Figs. 7-9.

Figure 7 illustrates the weakest and strongest control regimes, respectively. Two control
variables (¢ and i) are employed to optimize the objective function vy, as shown in Figs. §-9.

In addition, the numerical results shown in Fig. 9 show that the low i and “medium”

determine the optimal outcomes.
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6 Concluding remarks

The present paper attempts to formulate and analyze a rumor spreading model which is subject
to two control mechanisms, namely to budgeting input and to an attitude adjustment function.
The existence of the semi-trivial equilibria and of the positive (rumor-prevailing) equilibrium
is completely characterized in terms of two threshold parameters, which describe the influence
of conformable and obstinate spreaders, respectively, and are closely related to the basic
reproduction number and to the invasion reproduction number of mathematical epidemiology,
respectively. However, although our model draws from mathematical epidemiology, it is not
functionally equivalent to a disease propagation model, as it involves a variable which is
unrelated to rumor spreading status (or to disease status, in an epidemiological context).

A backward bifurcation analysis is performed, which leads to characterizing the stability
of the rumor-prevailing equilibrium as a byproduct. To preserve the positivity of the approx-
imating solutions and to keep consistency with the continuous model, a nonstandard finite
difference scheme is employed. The existence of optimal controls is investigated, necessary
conditions being obtained. It is observed that a combination of both controls has the most sig-
nificant impact upon the size of the spreader population and that a combination of “medium”
budgeting and low self-adjustment leads to optimal results.
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