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Abstract: This manuscript is devoted to investigating a fractional-order mathematical model of
COVID-19. The corresponding derivative is taken in Caputo sense with power-law of fractional order
# and fractal dimension . We give some detailed analysis on the existence and uniqueness of the
solution to the proposed problem. Furthermore, some results regarding basic reproduction number
and stability are given. For the proposed theoretical analysis, we use fixed point theory while for
numerical analysis fractional Adams-Bashforth iterative techniques are utilized. Using our numerical
scheme is verified by using some real values of the parameters to plot the approximate solution to
the considered model. Graphical presentations corresponding to different values of fractional order
and fractal dimensions are given. Moreover, we provide some information regarding the real data
of Saudi Arabia from 1 March 2020 till 22 April 2021, then calculated the fatality rates by utilizing
the SPSS, Eviews and Expert Modeler procedure. We also built forecasts of infection for the period
23 April 2021 to 30 May 2021, with 95% confidence.

Keywords: Adams-Bashforth method; COVID-19; forecasting; fractal-fractional derivative; fixed
point approach; SPSS program and expert modeler procedure; Matlab 16

1. Introduction

Recently the COVID-19 pandemic has greatly affected the whole world. The men-
tioned disease was originated in the end of 2019 in Wuhan city of China. Later on, the
infection was transmitted throughout the whole globe in the next few months. WHO
announced that it was a pandemic in the whole world. According to the reports published
by WHO, nearly fifty million people have gotten infected around the globe in which more
than three million people died. Many countries have implemented strict lockdown in
their community advised the public to keep social distance. These necessary measures
have produced some positive impact on the control of COVID-19 in various countries.
The concerned infection has greatly destroyed the economical situation of various countries.
Here we remark that some countries have now succeeded in creating COVID-19 vaccines
including USA, UK, Germany, China, etc.

This disease spreads rapidly making it one of the most infectious and contagious
diseases in today’s world. Dry cough, fever, nausea, aches and pains, headache, breath-
lessness, fatigue, etc. are basic symptoms of COVID-19 patients. Among them, serious
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symptoms include chest pain, high blood pressure, paralysis, and breathing difficulties.
This disease takes 5-6 days to show the initial symptoms and can take up to 14 days to
vanish or spread rapidly in the body of the infected person [1,2]. The infected person
transfers this disease mostly by getting in contact with a normal person in any form such
as by shaking hands, using the same utensils, or getting in contact with the saliva droplets
of the infected person.

This spurs a great need to study the transmission of this virus and find a suitable
way to stop its transmission. Therefore, we can utilize one of the important tools of
mathematics known as mathematical modeling to explore the details of the transmission.
Many mathematical models have been developed in recent times. In [3], Li et al. proposed
a latency-period pandemic COVID-19 model and adapted the proposed model to report
the infected cases in mainland China. In [4], the authors developed a SIR-based COVID-
19 infection model and implemented the proposed model to explore and forecast the
transmission dynamics of this pandemic in China, Italy, and France, which are highly
affected countries. In order to predict the COVID-19 infected cases in Brazil, Ribeiro et al. [5]
developed a regression model. In [6], Ndairou et al. employed a super-spreader infected
class transmission model and applied its model to the identified infected cases of Wuhan.

One of the best tools to investigate the dynamics of this infectious disease is a fractional
epidemic model, which relies on fractional order differential operators and is a generaliza-
tion of integer derivatives. Models with fractional derivatives afford us a better degree of
precision and are also proportional to the real data in the compression models [7-9]. A va-
riety of fractional operators have been presented from time to time in the literature with
various kernels. Some of the repeatedly applied fractional operators are Caputo [10,11],
Caputo-Fabrizio (CF) [12], and Atangana—Baleanu (ABC) [13]. In spite of the fact that most
of the COVID-19 models elaborated so far are relying on classical integer-order derivatives,
a few can be found with fractional operators. For instance, the authors in [14] formulated a
fractional COVID-19 model using the ABC operator and gave a better approximation of
the reported cases in Wuhan. Abdo et al. [15] developed a classical COVID-19 model to
fractional order model using Mittag-Leffler kernel; they investigated the existence, Ulam
stability analysis, and simulation results. Many modelings of different real-world problems
under different kinds of fractional derivatives can be found in [16-20].

Thus, we reformulated the considered model in [14] by applying the fractal fractional
derivative in the frame of the Caputo operator with a power law. In [14], they studied
the reported cases on 21 January 2020, through 28 January 2020, of Wuhan. Here, in this
research paper, we consider the reported cases in the Kingdom of Saudi Arabia from
1 March 2020 till 30 March 2021, with a forecast calculation for April and May 2021.
We have provided an excellent fit to the reported cases and then estimated the model
parameters to explore the transmission dynamics 2 of this novel infection.

This work contains six sections. We present summarized details about the mathemati-
cal modeling of the COVID-19 in Section 2. In Section 3, we give some foundations related
to advanced fractional calculus. The fundamental properties and qualitative analysis of the
proposed model will be investigated in Section 4. In Section 5, we provide the numerical
approach for the solution of the proposed model. Forecasts and statistical analysis are
given in Section 6. Moreover, we give the numerical simulations in Section 7. Concluding
remarks are offered in Section 8.

2. Formulation of the Model

The model background that we consider here in the frame of a fractal-fractional
derivative is given below and can be seen in [14]
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where D; =

DiS1 = A — Mwsl — ,M;51 — v5y,
DyEy = 1A gy 4 1My Sy — (O + (1 - O)i+0)Ey,
Dil = (1-O)E; — (x + )b,
DiA, = @ﬁEl — (Xﬂ + U)Al,
DiRy = XaA1 + XI1 — vRy,

DMy = o1 + @A) — 7My,

%. The corresponding initial conditions are

{ S1(to) =

S0 >
A1(to) = Ao

0, El( 0) EO >0, Il<t0) =1 >_0,
> 0,Rq(to) = =

M

@

In this model, the total human population is denoted by N(t) which is again di-
vided into five categories and some parameters of this pandemic model are given as the
following table

Compartments
and Parameters

Description

S1(t)
Eqi(t)

RS B S

= <=

= =

-

zco
el

Susceptible class

Exposed class

Infected class

In-transmutable infected people showing no clinical symptoms
Recovered people

COVID-19 in the first identified case

The birth rate

The natural death rate

The rate of Transmutable infected people into M;

The rate of in-transmutable infected people into M;

The rate of virus leaving in M; for the M class

The total life period of COVID-19 virus

The disease transmission coefficient

The transmittable multiple of A to [; (0 < ¢ < 1)

Infected people due to an interactivity M; with S;

The transmission rate from M;j to S;

Transmission rate of the exposed persons the infection to I; after the
incubation period

Transmission rate of the exposed persons the infection to A; after the
incubation period

In-transmutable infection

The infectious period of transmutable I; persons

The infectious period of in-transmutable A; persons

The susceptible people who get the infection after an effective contact with the people

in I; and A; at the rate of 1

i(L+PA1)S
e )

Now, we shall reconsider the model (1) by including fractional order derivative
0 < u <1 and fractal dimension 0 < x < 1 as follows

FFP]D)I/’Xsl(t) A — (Il+¢A1)51 M1 S, — vSy,
FEPDIXE, (1) = %51 + 7, M1Sy — (Op + (1 — ©)i + v)Ey,
FEPDYXT () = (1 - @)iEy — (R +v) Iy,
FPPDg:tXAl (t) ®PE1 (Xﬂ + U)Al,
FEPIXR1 (t) = XaA1 + X — vRy,

FEPDX My (t) = gy + @Ay — 7My,

®)
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where FEP ]DDg’tX is the fractal-fractional derivative of order 0 < p <1 and fractal dimension

0<x<1 in Caputo sense with power law. We must construct a model (3) by means of
the derivative of fractal fractional order in Caputo sense with power law as it provides
an extremely realistic result and possesses a greater degree of freedom than integer-order.
Precisely, we consider model (3) possesses fractional-order y and fractal dimension y de-
scribing the situation that lies between two integer values. The result will be accomplished
by having the whole density of every compartment converging faster at a low order.

3. Foundations

Let A =[0,T] (T < ), and U = C(A,R®) is a Banach space equipped with the norm
given by
IO = sup|®(t)|, for ® € U,
teA

where
|O(t)] = [S1(t) + E1(t) + I1(#) + A1 () + Ry () + My (t)]

and Sq1,Eq, 1, A1, R, M, € C(A, R).

Definition 1 ([21]). Let ©(t) is continuous differentiable in (a, b) with order x. Then, the fractal-
fractional derivative of © of order y in the frame of Riemann—Liouville and Caputo with the power
law are supplied by

1 t
FFPDZ‘f’f‘@(t) = WDM /11 (t—o)" P 1O(c)de, n—1<u<n, 0<n—-1<xy<n

and

1 t
FFPDZ’Z‘@(t) = m / (t—0)" " 1IDy@®(0)do, n—1<pu<n, 0<n—-1<xy<n
Ja

I'(n—

respectively, where Dy ®(t) = lim;_,¢ %.

Definition 2 ([21]). Let u(t) is continuous in (a,b). Then the fractal-fractional integral of u with
order vy in the definition Riemann—Liouville with power law is given by

t
FFPIXQ(t) = % / o1t — o)F10(0)do.

Lemma 1 ([21]). If f is continuous on (a,b), then the following fractal FDE
PP DI O(H) = 2(1

has a unique solution

O(t) = O©(a) + %y) /: oAt — o) Lz(0)dor.

4. Qualitative Analysis of the Proposed COVID-19 Model

In this section, we discuss the positivity and equilibrium analysis of the model (3).
Then we investigate the uniqueness, existence, and Hyers—Ulam—-Rassias stability results
of the proposed model.

4.1. Positivity of the Model (3)
For the positivity of the model solution, let us structure the following set:

RG = {z €R:z>0andz(t) = ( Sy(t),Ex(t), Li(t), Ay(t), Ry(t), My(t) )T}.
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Theorem 1. A solution z(t) of the given fractal fractional model (3) exists and belongs to RS .
Moreover, the solution will be non-negative.

Proof. Form the model (3), we conclude that

FIDGESI(D), _ = AZ0,

FEPDRIEAD), = (T )1 > 0,
FFPID)g,’tX[l(t) . (1-O)E; >0, "
DG AN, = ©OpEr 20,

FPDEIR(1)] = a1+ Eh 20,

FIDGIM()|, =l + DAL Z 0,

Consequently, we infer that the solution will remain in RS for all ¢ > 0. The total
dynamics of the individuals can be acquired by the first five equations of the model (3)
which gives

FEPDIEN(t) = A—uN(t)
or
RED N (t) = xtX 1 (A — uN(t))

By replacing Rth’t with CDg,t and applying the Laplace transform, we get
N(t) = E,1 (—vt")N(0) + AT (x + DX THLE, o (—vth),
where E;, is called the Mittag-Leffler function. Taking into account the fact that E, ,

has asymptotic behavior [10]; therefore, we get lim;_,o N(t) < % The feasible region for
model (3) is structured as:

- A
A= {(Slr Elrlererlr Ml) € Ré : Sl/Ell Il/AerllMl = O0and N(t) < U}.

O

4.2. Equilibrium Points

The model (3) possesses two equilibrium points: Disease Free Equilibrium (DFE)
and Endemic Equilibrium (EE). Equating the fractal fractional COVID-19 model to zero
as follows:

(L + PA ]

FFPDg[’chl(t) =A-— 717( ! Nl/) 1) S1—7,M;S1 —vS51 =0,
(L + A _ i,

FEPDIYEL (1) = ’“LNlpl)sl +7,M1S1 — (©p+ (1 - @)+ v)E; =0,

FEPDTL (f) = (1 - @)Ey — (X +0)[; =0,

FEPDEYX AL (1) = OPE; — (%o +v) A1 =0,

FEPDEY M, (t) = ol + @Ay — My = 0.
Thus, the point Dy = (5?,0,0,0,0,0) = (A/v,0,0,0,0,0) is the DFE.

To compute the basic reproduction number for the proposed model (3), we refer
to [22].
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In addition, by utilizing the next generation approach we get the following equation
for the basic reproduction number:

Ro=Ri1+R»
where _ B B
R Op(v¢ijv + Ad7j,)
LT (@ + (1-0)i+0)(Ta+v)
and

L= (1—0)u(wiv + Aar) _
w(Op+ (1-0)t+v)(x+v)

The following theorem provides us with the necessary part.

Theorem 2. The DFE Dy of the model (3) is locally asymptotically stable if (Ro < 1) for all
eigenvalues \; of the Jacobian matrix Jp, of the model (3) satisfy

larg(A;)| > %,i =1,2,3,4. ()

Proof. The Jacobian and linearization matrix is defined by:

-0 -7 - 0 I
0 ki § qp 0 I
po=| 0 =0 -k 0 0 0
Po 0 6 0 —k 0 0
0 0 T X« -v 0
0 0 o @ 0 -7

where k; = (Op+ (1 — @)1+ v), ko = (x +v),and k3 = (o + v).
The characteristic equation in terms of A; for Jp, is defined below:

A+ 0)2(A + ;A3 + aA? +azh +ay) =0, (6)
where
m=ki+k+ks+7,
ay = (kiks — 70p9) + (kiky = 7(1 — ©)1) + (k1 + k2 + k3)7 + kaks,
a3 = vk1[k3(1 — Ry) +k2(1 — Ra)] + ka[0(ks — 77Op$)] + Otks + k3 (kika — 1),
a5 = Thikoks(1 — Ro).

From (6), we get that the given eigenvalues —v must assure the condition in (5) for all
u € (0,1). In addition, we know that if Ry < 1, then for all a; > 0, and ayaza3 > a3 + a2ay
can be easily met by using the above coefficients. So, the model (3) at the DFE is locally
asymptotically stable if Rg < 1.

For the EE of the model (3), we denote it by D*, and D* = (S}, Ef, I}, A}, R}, My),

given by
x* _ _A
%= Ay
* 1
Ey =%

—

« _ (1 )

I ="%"E,
x _ Op nx
Al = %, B

x _ XaATHXL

Rl - v ’

oA+l

v

My =

4
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where ( A7)
Af = M7,
SYE+L 1A TR M
which satisfies the following equation
P(A*) = mqy(A%)? + mpA* (7)
The coefficients in (7) are my = vkikoks, and my = vvkikoks(1 — Ro).-
Obviously, m; > 0and my > 0if Ry < 1, and A* = —% < 0. Hence, no EE will exist

ifRop<1. O

4.3. Existence and Uniqueness Results

To begin with, we will express the differentiation in the model (3) as integrals, that is

dtx fo Hsl( )dO' =A- Mwsl — 1:M151 — 05y,
dtx fo ”El( )do = Mwsl +17,M1S1 — k1Eq,
dtx fo (0)do = (1 - O)tE; — ko14,

®)
—y dt,( fo (7) ”Al(a)da = OpE; — k3Aq,

r(1lfy) & [y (t—0)"Ry(0)do = FaA1 + X1 — URy,
NfEnE Jo(t =) "My (0)do = gly + @Ay — TMy.

Due to the integrals in the model (8) being differentiable, we can formulate the model (8)

as
RLDg S1(8) = Xt LK1 (8, S1(8), Ea(8), L (), A1 (£), R (£), Ma (1),
LD (1) = Xt 1Kalt, 51 (1), Ex (8, (6, Ax (6, R 1), M 1),
RLDH J1(t) = Xt UG (#, (1), Ex(#), L (1), Ax(#), Ry (t), Ma(#)), ©)
RLDV Aq(t) = xt Ky (t, S1(8), Ex (8), L (1), A (1), Ra(t), My (1),
RLDOtR1(f) XY (t, S1(8), Ex(t), I (8), A1 (t), Ra(t), My (1)),
REDG My () = xt* U (£, S1(t), Ea (1), (1), Av (), Ra(t), M (#)),

where

Kl(tlsl/Ell Il/AllRllMl) A — ;7([1+¢A1)S _77M151 _Usll

Ka(t,S1,E1, I, A1, Ry, My) = 1 Il+¢A1)5 +7.M1S1 — k1 Ey,
K3(t,51,E1,Il,A1,R1,M1) = ( )lEl kzll,
4(t,51,E1, 1, A1, Ry, My) = — k3 Ay,
KCs(t,S1,E1, I, A1, Ry, My) = X 1 +X11 —URy,
(i’, Sl,El, Il/AerllMl) = @ 1 +(DA1 — VMl

By replacing RLDV with DF then applying the initial conditions and fractional
integral operator, we turn model (9) into the following integral equations:

S1(t) = 51(0) + ﬁ,) fot xoX "t — o) 1K1 (0, S1,Eq, I, A1, Ry, My)do,

Ei(t) = E;(0) + r(ly) Jy xeX 1 (t — o)1 Ka (e, S1, Ex, 11, A1, Ry, My )do,

L(t) = 1;(0) + ( fo xoX "t — o) 1K5(0, S1, Eq, Iy, Ay, Ry, My)do, (10)
Ai(t) = A1(0) + r fO XoX~Y(t — o) "1Ky(0, S1, Eq, I, A1, Ry, My)do,

Ry(t) = Ry(0) + r fO xoX Yt — o) "1Ks(0, Sy, Ey, I, A1, Ry, My)do,
My (t) = M1(0) + r(y fo X1t — o) "1Kg(0, S1, E1, I, A1, Ry, My )do.
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To prove the qualitative properties of the solution for model (3), we make use of the
fixed point technique and the Picard-Lindel’f approach. First, we reformulate the model (3)
which takes the form:

FEPDIYO(t) = K(t,0(t), 0<p,x <1, a1
B0)=0p>0, 0<t<T<oo,
where
S1(t) 51(0) = So
Eq(t) E1(0) = Eo
L(t) L,(0) = Iy
ot) = , ©(0) = =0
O=1 a | ®O=| a0 =4, 0
Ry(t) R1(0) = Ro
M (t) M;(0) = Mo
and
Ki(t, S1(t), Ea(t), i (t), A (t), Rq (t), Ma(t))
Ka(t, S1(8), Ex(£), 11 (¢), A1 (8), Ri(£), My (£))
K(t,0(t) = Ks(t, S1(t), Ex(t), i (t), A1 (t), Ri(t), Mi(t))
’ Ka(t, S1(8), Ex(8), 1 (£), A1 (t), Ra(t), Ma(t))
Ks(t, S1(8), Ex(£), 11 (¢), A1 (8), Ry (£), My (£))
’C6(t/ Sl (t), El(t)/ Il(t)r Al (t)/ Rl (t), Ml(t))
In view of Lemma 1, the system (11) gives
X f -1
O(t) = 0(0) + s [ o™t =) 1K (0, 0(0) o
B =00+ 50y fy ¢ -0 K(@,0(0))
Furthermore, C satisfies
IK(0,01(0)) — K(0,0,(0))| < Li|©1(0) —Oz(0)|, L > 0. (12)
Theorem 3 (Existence of unique solution). Assume that the assumption (12) holds. Then
the system (11) has a unique solution if P := %TX“‘*LK < 1, where B(-,-) is the

beta function.

Proof. Consider the Picard operator Il : I/ — U defined by

110(t) = ©(0) + %m /Ot ot — o)1 (0, ©(c) )do, (13)

and set sup, ., K(0,0) = Ko. It should be noted that the solution of the system (11) is
bounded, i.e.,

[TI® — @ = sup|TIO(t) — O(0)]
teA
— sup L/taf-l(t—aw—%(a O(0))do
teA T'(u) Jo ’
X /t -1 u—1
< sup—2—— | o t—o K(o,©(0))|do
< suppds [ = o) Ko, 0(0)
X /t -1 u—1
< sup—2—— | o t—o K(o,®(0)) — K(co,0)|do
< tefr(ﬂ)o (t =)l |K(e,®(0)) — K(c,0)]
By, _
< MEDpnciwel, + k)
= W”‘*“(LKH% +Ko) =R < .

!

§7
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Now, using Picard operator (13) with given any ®1, ®, € U, we obtain

||H®1*H®2|| = sup|H®1(t)fH®2(t)]
teA
t
< supri/ ot — o) K (0,01 (0)) — K(0,0(0))|do
teA (1) Jo
X /t -1 -1
< sup—— [ 0o t— o) Li|®O1(0) — Oy(0)|do
= tEApr(V) 0 ( ) IC| 1( ) 2( )|
B(u, _
< BN painlo, - o
B(u, _
< EEL F((Z)")TW 'L ||©1 - s,

which implies that||TI0; — I10;| < P||®; — ®,|. Thus II is a contraction, and hence
model (11) has a unique solution due to Banach contraction principle [23]. O

4.4. Stability Results

In this part, we discuss the stability of Ulam-Hyers and Ulam-Hyers—Rassias for the
considered model (11). Furthermore, since stability is essential for approximate solution, we
intend to use nonlinear functional analysis on these types of stability for the given model.

Definition 3. Let 0 < y, x < 1and K € C(A x R®,R). Then (11) is referred to Hyers—Ulam
stable if there exist €, Cxc > 0 such that, for each solution ® € U satisfies

‘FFPDgf@(t) - K(t,@(t))’ <e Ve, (14)
there exists a solution ® € U of (11) with
]@(t) - @(t))‘ < eCx, VEEN,
where ¢ = max(ej)T and C = max(C;C].)T,j =1,2,...,6.

Definition 4. Let 0 < p,x <1, K € C(A xR® R) and ¢ € C(A,RT). Then (11) is referred
to Hyers—Ulam—Rassias stable if there exists Ci,, > 0 such that, for each solution © € U satisfies

‘FFPDg;;C@(t) - K(t,@(t))‘ <eg(t), VtEAN, (15)
there exists a solution © € U of (11) with
‘C:)(t) . G)(t))‘ < Cipeq(t), VEEA,
where Cc, = max(C;Cj,q,],)T and ¢ = max(goj)T,j =12,...,6.

Remark 1. Let € > 0. Then the function © € U satisfies (14) if and only if there exists a function
O(t) € U red satisfies the properties below:

(i) |6(t)| <e fort e,

(i) FEPDIYO(t) = K(1,0(t)) +6(t), t € A, 5 =max(5)T,j =1,2,...,6.

Remark 2. Let ¢ € C(A,R*). Then the function © € U satisfies (15) if and only if there exists a
function 5*(t) € U with the property below:

(i) 6%(t)| < eq(t), fort € A,

(i) FFPDyTO(t) = K(t,0(1)) +6*(t), t € 5, 6" =max(57)T,j=1,2,...,6.
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Lemma 2. © € U satisfies (14) if © satisfies the integral inequality given by

]@(t) —0(0) - FFPIEK (1 6(t)] < Ye,

-1
where'Y 1= XTFX(:) B(x, n)-

Proof. According to (ii) of Remark 1 with Theorem 3, the system

FEPDiro(t) K(tO(t) +5(t), te A
O0) = ©>0.

has a unique solution

O(t) = ©(0) + FFPIX [/C(t,é(t)) + 5(t)}.

It follows from (i) of Remark 1 that

(1) —0(0) - PR OM)| = |FFPITew)
< gl o=y o)
xe [t ._ _
< F(y)/o XNt — o) o
- XHH‘X—l
= <F(y) B(X,y))e<Ye.

O

Theorem 4. Suppose K € C(A x R®,R) and (12) holds with 1 — YLx > 0. Then (11) is
Ulam—Hyers stable.

Proof. Let © € U satisfies (15) and ® € U be a unique solution of (11). Then, for any € > 0,
t € A and Lemma 2, we obtain

H@’*@)H - sup‘@(t) —o(t)
teA
_ sup‘(:)(t) — @ — PFPI&;X/C(t,@(t))\
teA
< sup‘@(t) — @ — FFPI&}XIC(t,@(t))‘
teA
+sup FFPI(’;,;X‘}C(t,C:)(t)) - lC(t,G)(t))‘
teA
t ~
< YejL%y)/o ar_l(t—a)”_lL;c‘G)(a)—@(U)‘da
< Ye+YL;CH@)—® )

which implies
fo-of <cee

where Cy := ﬁ O



Axioms 2021, 10, 228 11 of 23

Theorem 5. Let K € C(A x R®,R) satisfies (12), and ¢ € C(A,R™) be an increasing function
such that
FFPI%X(P( t) < Cop(t), Co > 0. (16)

Then (11) is Ulam—Hyers—Rassias stable with respect to ¢ on A provided that 1 — YLy > 0.

Proof. In view of Theorem 3, the system (11) has the unique solution ® € U/, that is
X ! -1 1—1
@t:G)o—i——/U t—)' T K(o,®(0))do, t € A.
(t) TG b 0 0 K@ O)

From (15) and keeping in mind (16), we have

]@(t) —®(0) — FFPI&;X;C(t,@(t))j < eCyop(t).

Hence
a(t) —@(t)‘ - ‘@)(t) — @ FFPI&;"IC(t,@(t))‘
< |80) - - PR E()|
+ PP K (1, O(1) — IC(t,@(t))’
< eCopl(t) + %y) /Ot (- o) L] B(0) — O(0)|do
< eCpplt) +YL;C‘(:)(t) - @(t)‘

which implies
6(1) — 0(t)| < eCrppl(t), (17)

C
where Cg¢ := 1= O

It is clear that when ¢(t) = 1 in (17), the Ulam—Hyers stability result is obtained.

5. Numerical Scheme

In this section, we present a numerical approach for the solution of the model (3) by
relying upon the procedure described in [21,24]. By using the systems (8)—(10) at the point
tx41, We obtain

Sx+1(t) = So + 15 fom X (b1 — )P 1K1 (0, S1, B, I, A1, Ry, My )do,
Eci1(t) = Eo+ w5 Jot oX (teq — o) Ka(0, S, Er, Iy, A1, Ry, My )do,
Leyr(t) = To+ w5 o X Yty — o) 1K5(0, S1, Eq, I, Aq, Ry, My )do, as)
Axy1(t) = Ao + ﬁ fotK+1 Ux_l(tx+1 — o) 1K4(0, S1,E1, I, A1, Ry, My )do,
Re1(t) = Ro + 15 Syt oX Y (teq — 0)F 'K (0, S1, Er, I, Ay, Ry, My )do,
My (t) = Mo + 15 Syt oX Yteq — 0)F 1 Ke(0, S1, Er, I, Ay, Ry, My )do.
Then we approximate the integrals obtained in (18) to
Scy1(t) = So + l_'(Xy Yi—o fttHl X Yt — o) 1K (0, 81, Eq, I, A, Ry, My )do,
Eci1(t) = Eo + r(?;) Yoo oftt” X Yty — o) 1Ko (0, 81, Eq, I, Ay, Ry, My )do,
L1 (t) = Io + r();) Yizo fttm oty — o) 1K3(0, S, Ex, I, A1, Ry, My )do, 19
Acy1(t) = Ag + r(ﬁ Yo fttm X Htep1 — o) 1K4(0, 51, Eq, I, A1, Ry, My )do,
Ryei1(t) = Ro + rf;) Yo ftt”l Xty — ) 1Ks(0, Sy, Eq, It, Ay, Ry, My)do,
M1 (t) = My + I«(y Zz Oftt”l X Wt — o) 1Ks(0, S1, Eq, Iy, A1, Ry, My )do.
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On [ty, ty11], we approximate the expression 0X~1K;(c,S1,E1, 1, A1, R, M;) where
i=1,2,3,4,5,6 utilizing the Lagrangian piecewise interpolation as

. ¢ 1
Qo) = = Kilte, Se o L, Av Re, M)
¢t (20)
t 1
7[tx 1 Kite—1,Se-1,Er—1, Ii—1, Ap—1, Rp—1, My 1),
tp—tyq

wherei =1,2,...,6. Thus, (19) and (20) give

Se1(t) = o+ W T b0 Ji ! (e — 0)71Q} (0)do,
Ec1(t) = Eo + g #) Y=o fttm (tep1 — o) 1Qf()do,
L (t) = Io+ T(#) Yio ft (tep1 — o) 1Q3(e)do, 1)
Acy1(t) = Ag + Ze 0 ft (ter1 — )1 Q7 (0)do,
Re+1(t) =R + Ze 0 fttH (tepr — )P 1QY(0)dor
Mi41(t) = Mo + Ze 0 ftg ter1 — )P QY (0)do

After simplifying the integrals in (21), we get the numerical solutions for the COVID-
19 epidemic model (3) under the fractal fractional derivative in the Caputo sense with
power law as follows:

Ses1(t) = So+ 1 u+2 T L= o( Y1 (b, S, Eg, I, Ag, Ry, M) ¥ (x, 0)
— 8 K (te-1,S0-1,Er1, 1o l/AZ—lfRé—lrMé—l)‘FZ(K/g))/
Ecna(t) = Eo+r>;f12 o (£ Kalte,St, Eo, 1o, Ar Re, M) ¥ (x, €)
— X Kot 1,52 vEe1, I1,Ap1, Ry, Myq)¥a(x, g))
Lesa (8) = Io + gy iz o(fX Ks(te, Se, Ee, I, Ay, Ry, My)¥1(x, £)
— 1 Ks (- 1,5z vEe L1, Ap1, Ry, Myq) ¥a(x, 5))
Acia(t) = Ao+ ety Do (B Kalte, St Eeo 1o, Ar Ry, My) i (x, €)
— 5 Kate—1,Se—1, Ee1, I 1,Az—LRé—LMz—l)‘Pz(M)),
Ryy1(t) = Ro + r)ﬁz i O(tg Ks(te,Se, Eo, Iy, Ay, Ry, M) ¥1(x, £)
— 5 Ks(tp—1, So- 1/E£71/IfflrAfferéflerfl)TZ(Krg))/
Mic11(t) = Mp + FXTZ) i o( t¥ o ke, Se, Eo, 1o, Ay, Ry, M) ¥ (x, £)
- ’Cé(tfflrsffllEZfllIf*l/AZ*l/RZflerfl)TZ(Kle))l

(22)

where
Yi(, l) = [(k =€+ 1) (k =L+ pu+2) — (k=) (k — £+ 2u+2)],

Tz(K,@) = [(K—f—i—l)ﬁ”fl _ (K_g)?‘(;(_£+‘u+1)]
and £ is the step size.

6. Statistical Analysis and Forecasts

This part is dedicated in providing statistical data for the COVID-19 pandemic in
Saudi Arabia (see [25]), on it accordingly, we have computed the future predictions of the
confirmed cases and deaths by applying the Expert Modeler procedure and SPSS software.
A brief discussion of the redobtained outcomes is presented and supported by figures and
statistical tables.
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6.1. Tables and Figures

Here we present the graphical information about the statistical analysis, given in [25,26] in
Figures 1-8. In addition to that we give some test models and statistical predictions are
given in Tables 1-5.

Table 1. Summary of the total number of the confirmed cases and deaths in Saudi Arabia.

Months Confirmed Cases Deaths Mean of Confirmed Cases
Mar-20 1563 9 50
Apr-20 19,839 147 4960
May-20 61,982 323 1999
Jun-20 103,052 1119 3435
Jul-20 87,783 1243 2832
Aug-20 40,602 1028 1310
Sep-20 19,366 869 646
Oct-20 12,693 644 409
Nov-20 10,248 501 342
Dec-20 5473 330 177
Jan-21 5212 155 168
Feb-21 9248 116 330
Mar-21 12,361 175 399
Until 22 Apr-21 18,656 195 848
Total 408,078 6854 976

Table 2. Results: model fit statistics and Ljung-Box Q [27].

Model Fit statistics Ljung-Box Q [27]

Model R-Squared @ RMSE  Statistics DF Sig.
Death-Model 0.748 1.143 6.951 16 0.974
Confirmed cases Model 0.981 33.954 31.240 18 0.270

Table 3. Test results of the predictive capability of a linear model of confirmed cases in Saudi Arabia.

Dependent Variable: Confirmed Cases
Method: Least Squares

Sample: 1 March 2020 to 22 April 2021
Included Observations: 418

Variable Coefficient  Std. Error t-Statistic Prob.
Predicted 0.990706 0.006538 93.48063 0.0000
R-squared 0.982205
Adjusted R-squared 0.982163
Durbin-Watson stat 1.856690
S.E. of regression 145.3526
Sum squared resid 878.8992
F-statistic 22,961.77

Prob.(F-statistic) 0.000000
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Table 4. Test results of the predictive capability of a linear model of deaths in Saudi Arabia.

Dependent Variable: Deaths

Method: Least Squares

Sample: 1 March 2020 to 22 April 2021
Included Observations: 418

Variable Coefficient  Std. Error t-Statistic Prob.
Predicted 0.983151 0.010517 151.5314 0.0000
R-squared 0.954559
Adjusted R-squared 0.954449
Durbin-Watson stat 2.007480
S.E. of regression 2.929637
Sum squared resid 3570.433
F-statistic 8738.629
Prob.(F-statistic) 0.000000

Table 5. Expectations of confirmed cases and deaths with their upper and lower limits for COVID-19 in Saudi Arabia for
the period from 23 April 2021 to 31 May 2021.

Expectations of Infection Cases Expectations of Deaths

LCL

Predicted

UCL

Predicted

Date Confirmed Confirmed Confirmed Date LCI{“/[]O);:; hs Deaths UCI\I;[(I))deealths
Cases Model Cases Model Cases Model Model
23 April 2021 875 1051 1252 23 April 2021 10 12 14
24 April 2021 827 1074 1372 24 April 2021 10 12 15
25 April 2021 796 1098 1479 24 April 2021 10 13 15
26 April 2021 772 1123 1580 26 April 2021 11 13 15
27 April 2021 754 1148 1678 27 April 2021 11 13 16
28 April 2021 739 1173 1774 28 April 2021 11 14 16
29 April 2021 726 1199 1871 29 April 2021 12 14 17
30 April 2021 716 1226 1968 30 April 2021 12 15 17
01 May 2021 707 1253 2066 01 May 2021 12 15 18
02 May 2021 699 1281 2166 02 May 2021 12 15 18
03 May 2021 692 1310 2267 03 May 2021 12 16 19
04 May 2021 686 1339 2370 04 May 2021 12 16 20
05 May 2021 681 1369 2474 05 May 2021 13 16 20
06 May 2021 677 1399 2581 06 May 2021 13 17 21
07 May 2021 673 1431 2690 07 May 2021 13 17 21
08 May 2021 670 1463 2802 08 May 2021 13 17 22
09 May 2021 667 1495 2916 09 May 2021 13 18 23
10 May 2021 665 1528 3033 10 May 2021 13 18 23
11 May 2021 663 1562 3153 11 May 2021 13 19 24
12 May 2021 662 1597 3276 12 May 2021 13 19 25
13 May 2021 660 1633 3402 13 May 2021 13 19 25
14 May 2021 660 1669 3531 14 May 2021 13 20 26
15 May 2021 659 1706 3664 15 May 2021 13 20 27
16 May 2021 659 1744 3799 16 May 2021 13 20 27
17 May 2021 659 1783 3939 17 May 2021 13 21 28
18 May 2021 659 1823 4082 18 May 2021 13 21 29
19 May 2021 659 1864 4229 19 May 2021 13 21 30
20 May 2021 660 1905 4379 20 May 2021 13 22 30
21 May 2021 661 1948 4534 21 May 2021 13 22 31
22 May 2021 662 1991 4693 22 May 2021 13 23 32
23 May 2021 663 2035 4856 23 May 2021 13 23 33
24 May 2021 664 2081 5023 24 May 2021 13 23 33
25 May 2021 666 2127 5195 25 May 2021 13 24 34
26 May 2021 667 2174 5372 26 May 2021 13 24 35
27 May 2021 669 2223 5553 27 May 2021 13 24 36
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Table 5. Cont.

Expectations of Infection Cases Expectations of Deaths
LCL Predicted UCL Predicted
Date Confirmed Confirmed Confirmed Date LCI{;I:?;:; hs Deaths UC;;I(I)D;ealths
Cases Model Cases Model Cases Model Model
28 May 2021 671 2272 5739 28 May 2021 13 25 36
29 May 2021 673 2323 5930 29 May 2021 13 25 37
30 May 2021 675 2375 6127 30 May 2021 13 25 38
31 May 2021 678 2428 6328 31 May 2021 13 26 39
5000
4000
ﬁ 3000
z:
g
'§ 2000
1000
o
R EEE EEEEEEEE R R E R R N R EEE R EEEE
ER e R T A = A = A e = R == = R = O
[Z= R g S R R R R i i g g~ s~ i~ i~ i~ G~ Y i

Date

Figure 1. Transmission of confirmed infected cases of COVID-19 in Saudi Arabia for the period from
1 March 2020 to 22 April 2021.
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Figure 2. Death cases of COVID-19 in Saudi Arabia for the period from 1 March 2020 to 22 April 2021.
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Figure 3. Total confirmed infected cases of COVID-19 in Saudi Arabia for the period from March

2020 to 22 April 2021.

1400 +

1200 -

1000 -

o T T T T T T T T T T T T T T
] O O & (] =y " Mo oy
L P S b T S S A
L . BN R R .

S N R R A S A N

& ¢

i’

&
‘)(‘

B Deaths

Figure 4. The total number of deaths of COVID-19 in Saudi Arabia for the period from March 2020 to
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Figure 6. Transmission of the death cases of COVID-19 in Saudi Arabia to the first difference.
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Figure 7. Predicting daily COVID-19 confirmed cases with 95% confidence intervals (CIs) in Saudi

Arabia for the period from 23 April 2021 to 31 May 2021.
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Figure 8. Predicting daily COVID-19 deaths with 95% confidence intervals (Cls) in Saudi Arabia for

the period from 23 April 2021 to 31 May 2020.
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6.2. Results and Discussion

The most recent statistics about the COVID-19 pandemic and the total number of
affirmed cases and deaths in the territory of Saudi Arabia for the period from 1 March 2020
to 22 April 2021 are displayed in Figures 1 and 2. The numbers likewise express that there
is a fast and ceaseless expansion in the number of new cases, particularly in the months of
May, June, July, and August 2020. The affirmed cases that came to notice during these four
months were in excess of 293,419 cases, an average of 0.72 of the all affirmed cases till the
end of our study, which added up to 408,078 cases, and there were 3713 deaths—rates of
0.54 from the entire death number. We have seen that it is on the ascent, as the affirmed
cases expanded from 1563 in March with an average of 50 cases in a day, then, at that point
expanded during April to reach 19,839 with an average of 661 cases. Nonetheless, the
number of affirmed cases during May came to 61,982, with an average of 2000 cases. Then,
at that point, the quantity of the affirmed cases expanded to reach 103,052 cases toward the
end of June with an average of 3435 cases. We additionally saw that during June the cases
expanded quickly, which is a much more noteworthy number than the cases during the
period 1 March 2020 until 30 May 2020.

We likewise observed that the affirmed cases are persistently diminishing during the
period of July to reach 87,783 with an average of 1243, then, at that point, it diminished
in August to reach 40,602 with an average 1028 until the end of December 2020 with 5473
cases. In 2021, affirmed recorded cases reached 5212 during the period of January, then,
at that point expanded altogether during the long stretches of February and March until
reaching 18,656 cases for the 22 days of April.

On the other hand, there has been an increase in the number of deaths from this
virus, as nine deaths were recorded for the month of March 2020, then it reached 1243
during the month of July 2020, and then decreased from the months August to December
2020. In 2021, deaths were recorded during January 155, then decreased during February,
and then increased during March and April. Table 1 and Figures 3 and 4 illustrate that.

The Expert modeler is an ad-hoc procedure of time series models applied by SPSS
for forecasting. It tries to construct a convenient predictive model for one or more series
of dependent variables automatically. If there are independent variables regarding the
dependent variable, the Expert Modeler Procedure automatically selects only those inde-
pendent variables that are statistically significant. By default, the Expert Modeler Procedure
considers both exponential smoothing and ARIMA models. However, one can limit the
Expert Modeler to only search for ARIMA models or to the only search for exponential
smoothing models. Furthermore, it is easy to perform and helps in quickly identifying the
best models that achieve the required features, making it easier to obtain their forecasts in
record time. For more details see [28].

Time series models play a critical role in predicting the actions of phenomena and
variables over time and their impact climate science, economics, finance, epidemiology,
health engineering, and other different sciences. Many researchers have lately used it to
model and forecast future trends in the behavior of many diseases and epidemics. Most of
these models include a procedure of four essential steps: initially, identifying the model,
secondly, estimating anonymous parameters, thirdly, diagnosis and finally, forecast [29-33].
There are numerous kinds of models for time series that are fitting in predicting, for ex-
ample, AR, MA, ARMA, ARIMA, ARCH, GARCH. In this manner, the nature and trial
of the information for the two series under examination and every one of the hypotheses
connected to them (and the consistency of the time series) were confirmed to be utilized in
the forecast process. In this regard, there are many transformations that must be used to
convert the original data of the non-stationary time series into a stationary time series to be
used in the prediction process, such as natural log and differences of the first and second
degree. Here, we processed the original data then took the first differences for two series
to remove the effect of the general trend, and both series become stable, in order for the
model to be valid for predicting deaths and confirmed cases, as in Figures 5 and 6. So they
can be utilized in the expectation process. The statistical analysis software (SPSS) version
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23 and the Expert Modeler Procedure were utilized to predict new everyday affirmed cases
and deaths at a certainty span (95%) for COVID-19 in Saudi Arabia for the period from
22 April 2021 to 31 May 2021 as in Figures 7 and 8 and Table 5.

Table 2 shows the value of the determination coefficient R-squared = 0.748 and 0.981
which are appropriate, which means the model quality used for prediction, and it signifies
the data optimally. In addition, there is no problem in the model through the value of the
Ljung-Box Q(18) Statistic. A test of the randomness of the residual errors in the model
is necessary to be random and must be the level of statistical significance (Sig.) greater
than (5%) in order for the data to be distributed randomly. It means that the data follows a
random distribution. In this regard, we find the Ljung-Box statistics 6.951 and 31.240 and
the statistically significant Sig. = 0.974 and 0.270, which is greater than 0.05; this indicates
that the data follows a random distribution.

To examine the predictive capability of the model, the Eviews9 program was used and
the least-squares method was applied to estimate a linear model by taking the estimated
values of the model as an independent variable and the actual values as a dependent
variable. So the closer the estimated parameter is to one, the more the estimated values
are close to the actual values. The output of the analysis is observed in Tables 3 and 4
in which the estimated parameters 0.990706 and 0.983151 are close to one. This means
the convergence of the estimated values from the actual values, in addition to the model
quality in the estimate, and there is a statistically significant (prob. = 0.000) that is less
than the approved level of significance, which is statistically significant (« = 0.05).

7. Simulations and Discussion

For the numerical simulations to study the behavior of the susceptible, infectious,
treated, and recovered population related to this pandemic that occurred in Saudi Arabia
during March 2020 to April 2021, we consider the parameters as in the table below.

Compartments Numerical Values
and Parameters

So 34.439456 Millions
Eo 0 Million

Iy 0.408078 Million
Ay 0

Ry 0.406589 Million
My 0.09 Million

A uxN

H 1/(76.79 times 365)
v 0.05

0 0.02

@ 0.47876

% 0.05

1/v 0.09871

i 0.854302

P 0.000398 (0 <9 <1)
N 0.000001231

Mw 0.01

l 0.01

Here some are estimated data and some are fitted with the help of available real data.
In addition, the pandemic model is simulated under the fractal fractional order case using
a numerical scheme as structured with total population N = 35.266155 Million.

In Figure 9, we see that at different fractal fractional order the population of susceptible
class is decreasing with a different decay curve. The smaller the values of orders, the faster
the decay process and vice versa. In addition, in Figures 10-13, the populations of various
compartments are growing. The growth rate is faster at larger values of fractional-fractal
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order and vice versa. In Figure 14, we see that the population of numbers of corona
virus is also increasing with high speed as infection has increased in the last two months.
From these graphical presentations, we conclude that fractal fractional order derivatives
explain population dynamics of model of infectious disease more frequently and are easier
to understand.
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Figure 9. Graphs of numerical solutions at different fractal-fractional order for Susceptible class.
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Figure 10. Graphs of numerical solutions at different fractal-fractional order for Exposed class.

1 T T T T T
s =}
oar- B
B oal B
]
g
807 -
g -
ey
Al
06 L -
e
PR - el 5 el 25
05 i -;,-"' = = el T gel 5
P -l T
N.«‘y L L . L L Tl
] 10 20 30 40 E) 60

Hiemai 1 {Dhieys)

Figure 11. Graphs of numerical solutions at different fractal-fractional order for Infected class.
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Figure 13. Graphs of numerical solutions at different fractal-fractional order for Recovered class.
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Figure 14. Graphs of numerical solutions at different fractal-fractional order for class M.

In Figures 15 and 16, we compare our simulated results in case of infected reported
and deaths of KSA as given in Table 5 from 23 April 2021 to 31 May 2021.
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Figure 15. Comparison between real and simulated data for infected class in the considered model.
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Figure 16. Comparison between real and simulated data for deaths class in the considered model.
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8. Conclusions

Using fractal fractional-order derivative, we have successfully established theoretical
and computational analysis for a COVID-19 mathematical model. Upon using fixed point
approach and Adam-Bashforth method we have achieved the required results. We have
presented the numerical results graphically by using various fractional order derivatives
and different values of fractal dimension. Some statistical analysis has been provided by
taking some real data about Saudi Arabia from 1 March 2020 till 22 April 2021; we have
also calculated the fatality rates by using the SPSS, Eviews, and Expert Modeler Procedure,
then built forecasts of infection for the period 23 April 2021 to 30 May 2021. The entire
investigation of this article revealed that control of the dynamic transmission rate is vital
for stopping the transmission of the spreading epidemic.
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