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of this work. Two control variables are presented in this model to minimize the
population number of infected and asymptotically infected people. Necessary
optimality conditions are derived. The Griinwald-Letnikov nonstandard weighted
average finite difference method is constructed for simulating the proposed optimal
control system. The stability of the proposed method is proved. In order to validate
the theoretical results, numerical simulations and comparative studies are given.
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1 Introduction

The well-known coronavirus disease (COVID-19) pandemic can be consider as one of
the serious pandemic diseases all over the world, for more details, see [1, 2]. The spread
of this disease has serious impact on human society and health. The modeling study of
infectious diseases is very useful in making strategies to control this disease. Recently,
many interesting papers on modeling the coronavirus have appeared, see for example
[3-7].

In general, mathematical models involving the known ordinary differentiation could be
used to capture dynamical systems of infectious disease, when only initial conditions are
used to predict future behaviors of the spread. However, when the situation is unpre-
dictable, which is the case of COVID-19, due to uncertainties associated with the pan-
demic, ordinal derivatives and their associated integral operators show deficiency. The
fractional order differential equation (FODE) models seem more consistent with the real
phenomena than the integer order models [8—13].

Moreover, one of the new topics in mathematics is the fractional optimal control (FOC).
FOC can be defined using a variety of fractional derivative definitions. Riemann—Liouville
and Caputo fractional derivatives [14—18] can be considered the most important fractional
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derivative definitions. Sweilam and Al-Mekhlafi introduced some numerical studies for
FOC, for more details, see [19-21].

The main contribution of this work is to develop a numerical scheme to provide ap-
proximate solutions for the fractional optimal control problems (FOCPs). We consider
the mathematical model in [4] with modified parameters. The fractional order derivatives
are defined here in the Caputo sense. Moreover, we introduce two control variables, u,(t)
and #,,(t), in order to minimize the number of the infected and the asymptotically in-
fected. The Griinwald—Letnikov nonstandard weighted average finite difference method
(GL-NWAFDM) is established to simulate the obtained fractional order system.

To the best of our knowledge, the fractional optimal control for coronavirus (2019-
nCoV) mathematical model with GL-N'WAFDM has never been explored.

This paper is organized as follows: The basic mathematical formulas are introduced in
Sect. 2. The proposed model with FO and two controls is presented in Sect. 3. In Sect. 4,
the formulation of the optimal control problem and the necessary optimality conditions
are derived. In Sect. 5, the new numerical method GL-N'WAFDM and the stability analysis
are introduced. Numerical simulations are discussed in Sect. 6. Finally, the conclusions are
presented in Sect. 7.

2 Preliminaries and notations

In this section, we recall some important definitions of fractional calculus used throughout
the remaining sections of this paper. The fractional order derivative in the Caputo sense
can be defined as follows [22]:

1 t
‘D)= —— | (t—1)" " dr,
D0 = s [ eyl
where I' is the Euler gamma function and 0 <« < 1.

The discretization fractional derivative is given by the Griinwald—Letnikov approach
[23]:

n+l
1
gD(Z}’(t) |t=t": E (ywrl - Zluiynﬂ—i - qn+1y0>; (1)

i=1

where N, is a natural number and the coordinate of each mesh point is t” = nAt, n =
1,2,...,N,, At= ]\T[—’;, wi= D)), =, qi = %‘_a), andi=1,2,...,n+1. Additionally,

let us assume that [24]

O<pjpr<pi<---<ur=a<l,

1

0<gin <qi<~~~<q1:m.

3 Fractional order model of coronavirus with control

Herein, we consider the new mathematical model of coronavirus given in [4] with modi-
fied parameters. Two controls, u,, u,y, are added to health care such as isolating patients
in private health rooms and providing respirators and giving them treatments soothing
regularly. This model consists of six nonlinear ordinary differential equations. Moreover,
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Table 1 The variables of system (2) [4]

Variable Description

Sp Susceptible humans

Ep Exposed humans

Ip Infectious humans

Ap Asymptotically infected

Ry Recovered humans

M The reservoir or the seafood place or market
Np The total population

Np=Sp+Ep+1p+Rp

Table 2 The parameter values for COVID model [4]

Parameter Description Value (per day®)
ng‘ Birth rate (p x Np(0))*
ne Natural mortality rate (se70e3es)”

ny Contact rate (0.05)*

Yo Transmissibility multiple (0.02)%

ng Disease transmission coefficient (0.000001231)%
0 The proportion of asymptomatic infection (0.1243)*

Wg Incubation period (0.00047876)%
pg‘ Incubation period (0.005)*

rg‘ Recovery rate of I, (0.09871)%

rg;, Recovery rate of A, (0.854302)*

Oa M-virus contribution by /, (0.000398)*
@ M-virus contribution by A, (0.001)

% Virus removing rate from M (0.01)*

Table 1 describes the state variables and Table 2 describes the parameters. It is important
to notice that the parameters depend on the fractional order «. To make the system con-
sistent in the physical sense and more consistent with the reality, we must make sure that
the right-hand sides of these equations have the same dimensions, for more details, see
[15]. Let us assume that N, is a constant. The modified model is then represented by a

system of fractional order differential equations:

ne(l, + YeA,)

N, — M SpM,

C o _ o o
aDiSp=m, =, Sp -

NI, + Yo A,)
P

o, =(1- Gg)w;Ep - (t;‘ + €Uy + /LZ)Ip,

DYE, = +15SpM — (1 = 6,)W3 Ey, — 05 05 E,,

SDYA, =05 pSE, — (T5, + €atday + 115) A,
CDUR, = T, Iy + €1uply + T5,Ap + E2UapAp — UL Rp,
SDIM =31, + Ay — T M. (2)

The existence and uniqueness of the solutions of (2) follow from the results given in [25].

The feasible region for model (2) is given by

7.’:0(
Q= {sp,zp,Ep,R,,,Ap eR°:N,(t) < M—’;,M eR’ }
p
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The basic reproduction number of the proposed model (2) is given as follows [4]:

Ro = Rl + Rg, (3)
where
oo GO o )
T ug(tg, + 1g) O oy + (1= 65)ws + ug)
P A TR A

- p(Th, + ) O o + (L= Op)wi + u)’

The endemic threshold is given at Ry = 1, the disease will die out when Ry < 1, and the
endemic case when Ry < 1, for more details, see [26]. In this work we consider Ry > 1.

4 The FOCPs
Consider system (2) in R®, let

U= {(up(~),uﬂp(-)) | 4y, U are Lebsegue measurable on [0, 1],

0 < 1y (-), thap(-) < L,V € [0, Ty}

be the admissible control set. We define the objective functional as follows:

T
J (W thap) = /(; / <Ip(t) +A,(t) + %up(t) + %uap(t)> dt. (4)

Now, the goal is to evaluate u,, 1, such that the following functional

J (W thap) = /OTf N(Sps Eps Ly Aps Rpy M, Uy, U, t) di (5)
is minimum, subject to the constraints

Dy =g, (6)
where

é,v:i = gi(Sp’Ep,IprApxRp;M; Ups Ugp, t), i=1,...,6,

W, = {Sp Ep Ly Ap Ry Mj = 1,...,6},
and satisfying the initial conditions

¥1(0) = Syo, W5(0) = Epo, W3(0) = Lo,

W, (0) = Apo, W5(0) = Ry, W(0) = M.

We use a kind of Pontryagin maximum principle in the fractional order case, this idea
in fraction is given by Agrawal in [18].
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Consider a modified cost functional as follows [19]:
- Ty
j- / H(Sp,Epy Iy Ap Ry My thy, gy )
0

6
- Z)"iéi(sp’Ep’Iprp;Rp,M, up, uﬂp,t):| dt. (7)
i=1

The Hamiltonian is defined as follows:

H(Sp, Ep, Iy, Ap, Rpy M, thp, thgp, 1)

= n(Sp; Ep: [pyAp: Rp; M: up: uap’ )\,i, t)

6
+ ZAiSi(Sp’Ep»Ip;Aerp,M, up:uap; t)' (8)
i=1

From (7) and (8), we have the FOPC necessary conditions:

oH

—, 1=1,...,6, 9
a0, ©)

c
¢ D‘;}A, =
where

9 = {Sps Eps Iy Aps Rpy M, thy, gy 1,0 = 1,...., 6},

OH
0=—, k=p,ap, (10)
3Mk
Y OH
thﬂl:E, t=1,..,6. (11)
Moreover,
M(Tp) =0, 1=1,23,...,6. (12)

Remark 1l Under some additional assumptions on the objective functional J and the right-
hand side of equation (6) must be added, for example, the convexity of J and the linearity
of £ in ¥; and u,, ugy, then the necessary conditions of optimality are also sufficient, for
more details, see [27].

Theorem 4.1 There exist optimal control variables u,, with the corresponding solu-

u;p
tions S;, E;, I;, A;, R;’ M* that minimize ] (u,, usy) over Q2. Furthermore, there exist adjoint
variables %;,i=1,2,3,...,6, satisfy the following:

(i) Adjoint equations:

Cpeai=(- « Tty “M | A ply o M* |
t [fl—(ﬂp Np Ny >1+<Np + 1, )2;
£DLha = —((1=65)wy +6; 0 — 1) + (1= 6;)wh) s + 6, 0y has
Dy —1- %5 4
t D3 Np 1 2 2

TpSp

- Ag(r;‘ +y + elu;) + A5(t;‘ + 6114;) +A60),»
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Np *S

%
C P * *
; D‘;}M =1- Ay — Moty + 1 + u,) + As (T, + €2u},) + Aol

p
CDOt)\ - _ OtR*)\’
t 2t 5= p 5

£ Dl ke =~ Syha + haygsy — 7% . (13)
(i) The transversality conditions:

M(Ty)=0, 1=1,2,...,6. (14)
(i) Optimality conditions:

H(Sp, Eps Lps Aps Rpy M,y Uy, 1, £)

= min H(Sy, Ep I, Ap, Ry, M, thy, tigp, 1, £). (15)

Ogup,uapsl

Moreover,
€1l (A3 — As)
w* =min} 1, max] 0, —2~—> "> (. (16)
% B,
€A% (Mg — As)
u, = min{ 1, max O,M . (17)
p B,

Proof Equations (13) can be obtained from (9), where

H* = A{aD; Sy + A5 oD} Ej + A5 DY T
+ hgaDf A% + AS DY RS + A (DY M
B; B,
+1,() + A, (8) + ?u;(t) + EMZ”(t) (18)
is the Hamiltonian. The transversality conditions A.(Ty) =0, x = 1,...,6, hold. Using (15),
we can claim Equations (16)—(17).

Now, the state system can be claimed:

ey + A7)

Cnhago* _ _«a o ok
aDiSp=mp — 14,5, - N,

—nASEM*,

ne(; + Yo AY)
P

SD‘;‘I; = (1-05)WoE, — (7 + 1ty + 5 1,

C
<DYE; = + 1 SyM* — (1 - 65 )w,E; — 65 pa Ex,

Co 4% _ pa 0%k o * o *
G DIAS =07 poEs — (Ta, + €1ty + 115) A,

Cryopx _ ok * a p* * A% o ap¥
aDtRp_rpIp+€1up1p+tapAp+€2uup » MpRp,

CHX A s _ Q% QAR

DiM =0,I; + @, A " M". (19)
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5 Numerical methods for solving FOCPs

5.1 GL-NWAFDM

In this section, we construct a novel numerical method called GL-NWAFDM as an ex-
tension to the method given in [24, 28]. This method can be an explicit method (easy for
coding) or an implicit method (more stable and efficient), depending on the weight fac-
tor ® € [0, 1]. To approximate the solutions of system (19) using GL-NWAFDM, we first
discretize the Caputo fractional operator (1) with replacing A(£) by ¢(At), where

p(At) = A(t) + O(A®[)?), 0<p(At)<1,A() — 0.
Then the discretization for system (19), where n=0,1,2,3,...,N, using GL-NWAFDM
can be written as follows:
n+l

n+1* E : n+1-i* 0*
Sp - ,LL,‘SP - q;1+1Sp

i=1

na([}ﬁl* + wo{AnH*)
_ +1% pyp )4 +1%* +1%*
= Qp(AL)* (7{1‘;‘ - MZS; - N, - na‘,SZ M" >
L myxyT + YrATT) .
+(1-O)p(AL) <n; —ESy B neSLM™ ),

n+l

n+1%* § : n+1-i* 0*
Ep - //LiEp - %+1Ep
i=1

nz(];;ﬁ-l* + waAz+l*)
NP

= @(p(At)“( + Syt M

(- g -y )
m, (Ly" + Y A"

R s - gy ),
p

+(1- ®)<p(At)°‘(

n+l

n+1* n+l-i* 0%
1, —E wil, —qnl,
i=1

— @(p(At)a((l _ QS)WZEZH* _ (‘L’a + Eluzﬂ* + MZ)I;HI*)

p
+ (L= O)p(an (LGB ~ (5 + e + w1,
n+l

n+l* § n+l-i* 0*
Ap - MiAp - q;'1+1Ap

i=1
nz(];;ﬁ-l* + waAz+l*)
NP

= @(p(At)“( + Sy M

(- g -y )

m,(L," + YAy

N + NSy M™ — (1= 6,)wyE)" — QppZEZ*>,
p

+(1- @)(p(At)”(

n+l

n+1* § n+1—i* 0*
Rp - MiRp - anRp
i=1

@ o (o pn+l* n+1* n+l* a gn+l* n+l* gn+l* o pu+l*
= (A (o I + equy ™ L+ Tp AT+ equip A nyRY*)
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+ (1= O)p(AN (to Iy + eyu) " IN* + 1o A + equly, " AN — ps RYY),

n+1
Mn+1* _ Z MiMrHl—i* _ %+1M0* _ @gD(At)a (Q;I;Hl* + w;‘AZ"l* _ ]TaMn+*)
i=1
+ (1= O)p(AL)* (L™ + wy ALt —*).  (20)
This system is a nonlinear algebraic system of (6N + 6) equation of (6N + 6) unknown
(S;,E;,I;,A;,R;,M*), that can be solved using an appropriate iterative method depend-
ing on the supposed initial conditions. We notice that this scheme is explicit for ® =0,
partially implicit for 0 < ® < 1, and fully implicit when ® = 1.

5.2 Stability of GL-NWAFDM

In the following we show that the GL-NWAFDM in case 0 < ® < 1 (implicit case) is un-
conditionally stable. In order to investigate the stability of the proposed method when
(® #0), consider the model test problem of linear fractional differential equation

(D)) = Af(8), t>0,0<a<1,A<O0. (21)

Let f(¢,) = f, = ¢, be the approximate solution of this equation, then using GL-NWAFDM
with (1) we rewrite equation (21) in the following form:
n+l
¢ = T = g ® = (A (OAC™ + (1- ©)AL").

i=1

Then we have

1 n+l )
e (Z it 4 g0 (1 ®)</>(At)“A§”>, n>1,
(1- (A0 0A) \ &
1
we have T Go7em < 1, hence

¢t <¢b
§n+1 E;nfgrl—llugl SCO

So the proposed implicit scheme is stable.

6 Numerical simulations

In this section, numerical simulations of the proposed model (19) and (13) with and with-
out optimal control are presented. GI-NWAFDM is given to obtain the numerical results
of the state equations (19) with the following initial conditions [4]: S,(0) = 8,065,518,
E,(0) = 200,000, I,(0) = 282, A,(0) = 200, R,(0) = 0, M(0) = 50,000, and we consider
N, = 8,266,000. Then, by using the implicit finite difference method [21], we solve (13) with
(14) by using different values of 0 < « < 1 with B; =B, =500, €; =¢; =10,and 0< ® < 1.
In the numerical simulations the time level is chosen in days, it is up to 10,000. The graph-
ical results obtained through these figures demonstrate that in the case without control,
the number of the infected and the asymptotically infected population is increasing, while
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the number of the population is decreasing in the controlled case as we can see in Fig. 1.
This figure demonstrates the effectiveness of two control cases for the proposed model.
Moreover, Table 3 reports the values of the objective functional obtained by the proposed
method with and without controls and ® = 1,0.5. We note that the results obtained in
the case of fully implicit at (® = 1) are better than the results in the case ® = 0.5. Also,
the best result of the control case is given at « = 0.8. Figure 2 shows how the behavior of
the solutions in the control case is changing by using different values of o and Ty = 150.
Figure 3 shows the evolution of the approximate solutions for the control variables using
different «. It is noted that the range of the solution remains between zero and one. The
approximate solutions for S, and M with control case and different values of o are given
in Fig. 4. Figure 5 illustrates the behavior of the approximate solutions of E,, I,, A,, R,
at different values of « at big time, and it is demonstrated that the proposed method is
unconditionally stable at ® = 1. The results are given by using MATLAB (R2015a).

x10% Approximate soluation at @=0.98 Approximate soluation at @=0.98
3 6000
2 4000
e —— With two controls <& —— With two controls
1 mm Without controls 2000 s Without controls
0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t t
%10° Approximate soluation at @=0.98
3-
2|
[

s With two controls

e Without controls

0 20 40 60 80 100 120

t

Figure 1 Numerical simulations of I, Ay, and R, at & = 0.98, ® = 1 with and without controls

Table 3 GL-NWAFDM results of cost functional without and with controls, Tf = 120 and
d(AD) = (1 -e 2! and different ©, «

o Jup, ug,) without control Jwith 2 controls Jwith 2 controls
®=1 ®=05
1 23111 x 100 3.3868 x 103 3.6001 x 103
097 2.5948 x 10° 32618 x 103 3.6290 x 103
08 54554 x 100 29671 x 103 3.5030 x 103
0.7 8.9249 x 10° 33427 x 103 59119 x 103
06 25717 x 107 36939 x 103 5.0904 x 103
05 21879 x 107 3.2873 x 103 47705 x 10°

Page9of 13
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5
35 x10
3
25
2
a
o
1.5 —
1 — a=0.98
— c=0.95
0.5
0
0 50 100 150
t t
(@
6000
— a=0.80
4000
o
= m
2000
o
o 50 t 100 150
6000
4000
a
<
2000
o H
o 50 100 150
3

Figure 2 Numerical simulations at different &, ® = 1, By = B, =500, and €1 = €, = 10 with two controls

1 1
— =1 — (=1
— t=0.9 — =0.9
N s (=0, 8 g“ «=0.8
—|
0.5 — =0.75| 0.5 — x=0.75

0 100 200 (o] 100 200

Time t Time t

Figure 3 Numerical simulations of up, ug at different ar, © =1
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\ — a
35 _—
— =080
=3
25
2
15
‘o 0 20 3 4 SO 60 70 80 90 100
t
Figure 4 Numerical simulations of Sy, M at different at, ® = 1
5 %108
— et 400 EE——
4
—=0.98 300 — =0.98
3
m“’ — =095 a — =095
2 200
1 100
0 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t
600 5 <10%
500 =1 2.5 —_— =t
P ——— a=0.98 2 ——— a=0.98
<300 arons 1.5 — 0=0.95
200 1
100 0.5
0 2000 4000 6000 8000 10000 no 2000 4000 6000 8000 10000
«
t
(2)
3000

2000

1000

2500

o 500 1000 1500 2000 3000 o 500 1000 1500 2000 2500 3000
t t
%10 x10%
6 4
— 095 3
4 e 220.80
o —0.75 o 2
2
1
o ol
o 500 1000 1500 2000 2500 3000 o 500 1000 1500 2000 2500 3000
t T

Figure 5 Numerical simulations of £y, I, Ap, and R, at different o, ® = 1, Tr = 3000, 10,000 with controls

7 Conclusions
In the present work, the optimal control of coronavirus model with fractional operator
is presented. Also, the combination of fractional order derivative and optimal control in

Page 11 of 13
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the model improves the dynamics and increases the complexity of the model. Two control
variables, u,(t) and u,,(t), are added to health care such as isolating patients in private
health rooms and providing respirators and giving them treatments soothing regularly.
These have been implemented to minimize the number of the infected and the asymptot-
ically infected as we can see in Fig. 1. Necessary optimality conditions are derived. GL-
NWAEFDM is constructed to study the behavior of the proposed problem. This method
depends on the values of the factor ®. It can be explicit or implicit with large stability re-
gions as we can see in our results. Moreover, the stability analysis of the proposed method
is studied. It was shown that this method has good stability properties in the implicit case.
Some simulations are presented to support our theoretical findings. It is concluded that
GL-NWAFDM can be applied to solve such fractional optimality systems simply and ef-
fectively.
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