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Abstract: Middle East Respiratory Syndrome (MERS) is a human coronavirus subtype that poses
a significant public health concern due to its ability to spread between individuals. This research
aims to develop a fractional-order mathematical model to investigate the MERS pandemic and
to subsequently develop two numerical methods to solve this model numerically to evaluate and
comprehend the analysis results. The fixed-point theorem has been used to demonstrate the existence
and uniqueness of the solution to the suggested model. We approximate the solutions of the proposed
model using two numerical methods: the mean value theorem and the implicit trapezoidal method.
The stability of these numerical methods is studied using various results and primary lemmas. Finally,
we compare the results of our methods to demonstrate their efficiency and conduct a numerical
simulation of the obtained results. A comparative study based on real data from Riyadh, Saudi Arabia
is provided. The study’s conclusions demonstrate the computational efficiency of our approaches in
studying nonlinear fractional differential equations that arise in daily life problems.

Keywords: fractional derivatives; mathematical model; fixed-point theorem; mean value method
(MVM); implicit trapezoidal method (ITM); stability

1. Introduction

The Middle East Respiratory Syndrome Coronavirus (MERS-CoV) is the virus that
causes Middle East Respiratory Syndrome (MERS), a viral respiratory infection. First
identified in Saudi Arabia in 2012, MERS is characterized by severe respiratory symptoms
such as fever, coughing, and dyspnea. In extreme cases, these symptoms can progress
to pneumonia and even respiratory failure. Close contact with infected people or their
respiratory secretions is the main way that the virus spreads, while outbreaks have oc-
casionally been documented in hospital environments. Despite having a relatively low
transmission rate compared to other respiratory viruses like influenzal, MERS is considered
a serious respiratory virus due to its high mortality rate, particularly among individuals
with compromised immune systems or pre-existing medical conditions. MERS is one of the
most dangerous viruses to emerge in recent years, with approximately thirty-five percent
of those infected succumbing to the illness. MERS falls under the category of zoonotic
viruses, meaning that an animal serves as both the virus’s carrier and its main source of
transmission. The primary reservoir hosts and agents of MERS transmission are camels.
This is because some camel caravans have antibodies against MERS [1,2].

The Arabian Peninsula boasts one of the world’s largest populations of camels. Conse-
quently, it is no surprise that the Arabian Gulf region, encompassing Saudi Arabia, records

Fractal Fract. 2024, 8, 521. https:/ /doi.org/10.3390/fractalfract8090521

https:/ /www.mdpi.com/journal/fractalfract


https://doi.org/10.3390/fractalfract8090521
https://doi.org/10.3390/fractalfract8090521
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0003-2841-8428
https://orcid.org/0000-0003-1466-8821
https://doi.org/10.3390/fractalfract8090521
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com/article/10.3390/fractalfract8090521?type=check_update&version=1

Fractal Fract. 2024, 8, 521

2 0f23

the highest number of MERS cases. With almost 80% of cases, Saudi Arabia holds the
highest infection rate in the Gulf. Moreover, camels are considered national resources in the
Arabian Gulf region, where the populace frequently interacts with them. In this area, camel
milk and meat are commonly consumed, and some people utilize camel urine in traditional
healing methods, highlighting the close bond between camels and breeders along the Gulf
Coast [1,3]. The infection seems geographically concentrated in the Middle East, with cases
reported in Saudi Arabia, Qatar, Jordan, and the United Arab Emirates. However, it has
spread to several other countries, including Algeria, Bangladesh, Indonesia, Kuwait, Egypt,
Turkey, Oman, Italy, France, the United Kingdom, Germany, the United States, and South
Korea [4]. Consequently, the illness has not only spread throughout the Gulf region but to
27 other countries globally.

Mathematical models of infectious diseases are extremely necessary to provide a
detailed description of the spread of infectious diseases among populations [5]. These
models are also useful resources for comprehending crucial elements of epidemics and
the dynamics of newly developing infectious illnesses. On the other hand, to implement
strategic plans to address and contain the threat of infectious diseases, decision-makers
might utilize mathematical models to acquire knowledge about the behavior of epidemics
and pandemics. A useful tool for characterizing epidemic dynamic systems is a fractional-
order model [5-7]. These models, as opposed to traditional integer-order models, show
a superior fit for real data that has been seen. The concept of memory, which exists in
biological and epidemiological systems, is taken into consideration by fractional-order
models [8,9]. It is possible to characterize memory that varies with time using the fractional
variable-order derivatives, which are defined as an extension of the constant fractional-
order derivatives [7,10,11].

The ongoing research into MERS aims to deepen our understanding of the virus’s
transmission dynamics, pathogenesis, and potential treatment options. This includes the
development of mathematical models to simulate and predict the spread of the virus, as
well as efforts to develop vaccines and antiviral therapies. Understanding the factors
influencing MERS transmission and severity is crucial for implementing effective public
health measures to control outbreaks and minimize the impact of this potentially deadly
disease [12-21].

2. Preliminaries

In this section, we present some fundamental concepts of fractional calculus as follows:

Definition 1. Let u(t) be a Lebesgue integrable function over the interval [0, T|. The Caputo
derivative of fractional order w is described as follows [22]:

1 / d"u(t)

14 —
Diu(t) = I(n—a) / dtn

(t—1)" % ldr, n—1<a<mn neN 1)

Lemma 1. Let X € C[0, T] be a solution of the Caputo fractional differential equation [23]:
if and only if it is a solution of the following nonlinear integral equation:
1

t
X(t) = Xo + W/ H(t, X (1)) (t — 7)% ldr. @3)
0
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Lemma 2. If « € (0, 1) and the integer j > 0, then there exist the positive constants £, 1 and
Ry, 2 dependent only on «, such that [24]

(G+1)" = < R 1(j+1)*7, )

and
(G2 =2 +2)" 4+ < Ry oG+ 1)L (5)

Lemma 3. Consider that c, j = (j— n)"“l, n=12...,j—landc, ;=0 forn>j ak W,
n
M >0, tk < M, and t is a positive integer. Let ) cy jlan| = 0 fori >n > 1. If[24]
j=i

n—1
|an|§Wk“ch,j\an|+|‘uo|, n=1,2,...,t (6)
n=1

then
|aj| <Oluol,n=1,2, ... 7)

where 0 is a positive constant independent of k and t.

3. Model Derivation

This section establishes a fractional model of MERS, which is based on the model
that is described in [4,25]. Five subpopulations are described: susceptible S, exposed or
asymptomatic individuals E, infected individuals I, isolated individuals ], and recovered
individuals R. These are time functions expressed in days. At time ¢, the total number
of living individuals is represented by N(t) = S(t) + E(t) + I(t) + J(t) + R(t). All living
people who are not part of any other group are considered part of the susceptible population.
The number of asymptomatic individuals who have been exposed to the virus but have
not yet shown any clinical signs of MERS is indicated by the subpopulation E(t). The
subpopulation I(t) represents those who have MERS clinical symptoms. Individuals
with isolated symptoms are represented by the subpopulation J(t), while those who have
recovered from MERS are represented by the subpopulation R(t). The following system of
ordinary differential equations presents the pandemic model for MERS [4]:

d S(t)(BI(t E(t t
aS() _ p_ SOEHOrePEOeBI0) _ ey

S 1 €gBE €
dE() _ SOEIO+esfEOPI0) (g 4 (s,

A — KE(f) — (y+ o1 +dy + w)I(E), 8)

A — y1(t) = (02 +da + )] (E),
R — oy I(t) + oa] () — pR(E).

The initial conditions are
5(0) = Sg, E(0) = Ep, 1(0) = Iy, R(0) = Ry. 9)

where the number of people who are born and enter the city every day is represented by P,
while the population’s normal mortality rate is u (1/day). B (1/day) is the probability that
one collision between an infected and a susceptible person will result in infection; corre-
spondingly, eg (1/day) and € (1/day) are the probabilities that one interaction between
an isolated person and an infected person will result in infection, also 0 < €g,e; < 1
are the decrease factors in the spreading rates. The rate at which individuals develop
clinical symptoms upon exposure is denoted by the parameter K (measured in 1/day).
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The isolation rate is represented by < (also measured in 1/day). Furthermore, in addition
to the baseline mortality rate y, the disease-induced death rates among the infected and
isolated populations are captured by the rate coefficients di and d», respectively, with units
of 1/day. Finally, 07 and 0 signify the rates of recovery for the infectious and isolated
individuals, respectively.

Next, we replaced the time derivatives in Equations (8) and (9). with the Caputo
fractional derivatives. The dimensions of the right and left sides differ because of this
modification. To fix this issue, we modified the fractional operator such that the sides
have the same dimension by using an auxiliary parameter ), which has the dimension of
sec [26,27]. Then, Equations (8) and (9) become

lerthtx S(t) —p_ S(t) (B I(t)+eE .]‘i]E(t)Jre] BI) 1 S(t),

X'"¢DF E(t) = S(t)(B I(t)+eE IFiIE(t)JrGJ pIt) (K + 1) E(8),
X' TUDEI(E) = KE(t) = (v + o1 +di+p) I(1), (10)
X'TEDEJ(E) = v I(t) = (o2 +da + 1) J(8),
X' TEDER(t) = o1 I(t) + 02 J (1) — p R(E),
subject to the following initial conditions:
5(0) = So, E(0) = Eo, 1(0) = Ip, R(0) = Ro. (11)

3.1. Stability and Equilibrium Points

Regarding system (10), we consider the equilibrium points [4].
DiS(t) = DYE(t) = D{I(t) = DfJ(t) = DfR(t) = 0. (12)
We identified two equilibrium points as the disease-free equilibrium

P
EO = (710/ 0/ 0/ 0)
4

and the endemic equilibrium

P P, KE. vKE. KE, o 0y
pAT  Qup+ ) Q2 Q3" Q2 p uQs

E* - (S*/ E*/ I*/]*/R*) - ( ))f

where
Q=K+py Q=9+a+di+p,Q=0+d+yoc= QS(”QﬁKgigf&ﬂK(aﬁ”)
and 7, = L(R. - 1).

Also, the control reproduction number R, = % + Qlfgz +

7

BejKy
Q102Q3°

Theorem 1. The disease-free equilibrium of (10) is locally asymptotically stable if Ro < 1, and is
unstable when Ro > 1 [4].

Theorem 2. When R, > 1, there exists a unique endemic equilibrium E, = (S, E«, L, ]+, Rs),
which is locally asymptotically stable [4].

Remark 1. The stability of the endemic equilibrium is linked to R, while that of the disease-free
equilibrium is linked to Ry.
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3.2. Sensitivity Analysis

This section discusses the sensitivity analysis of several parameters utilized in the
suggested model (10), facilitating the identification of parameters that positively influence
R and Ry. To accomplish this, we employed the technique outlined by Tuan et al. and
Praveen et al. [26,28].

; _ Ber KB BejKy
Using R = Kip T (K+p) (v +o1+dy+p) T RFw (ot ) (0a  da T )
R _ B
deg K+}l/
R,
oK

B(#?(ee —1) + pda(ep — 1) + poa(ep — 1) + (e —€7))
(K+p)?(y+p+di+01) (4 +da+02)
B(udieg + ydrer + didrer + pepoy + drepoy + yepon + di€pon + €p0102)
(K+u)2(y +u+di+o1)(p+d2+02)

7

oR, _ ,BeE* _ ,BK _ IBK
o (K+m)? (K4 u)(y+u +ﬁd1 +0)?  (K+wu)?(y+p+di+o1)
_ 1Kej
(K+p) (y+p+dy+01) (p+da+02)
_ ByKe;
(K+p) (y+ptdy+01) (ptda+02)
. BrKey
(K+p)2(y+ptdi+01) (ptda+02)'
oRe _ _ 5K(Il+d2+’7€]+ﬂz)
ody (K+0) (y+ptdy +01)* (utdp+oa)”
Me _ _ BrKey
ddy (K+p0) (y+p-+dr+01) (ptda+02)”
IRc — _€E + + rKe]
9B Ktp U (Ktp)(y+ptdi+or) 1 (K+p)(y+pt+di+or) (ptda+oz)’
MRe _ _ BK(p+dp+yej+0)
901 (K+0) (y+ptdy +01)* (ptda+02)”
IRe _ _ BrKey
902 (K+p) (y+ptdy +01) (utdy+02)

ORe _ _BK(ej(ptdi+or)—(ptdator))
Y T (K+p)(y+ptdi+01) (utda+0y)

Given that all parameters are positive, %752; > 0, ag;; > 0, %Re <, % <0, aa%lz; <0,

7 W
%ﬁc < 0,and %7;20 < 0. Therefore, R, increases with €, , and v and decreases with y, d1,

dy, 01, and 07. The sensitivity of R, to -y increases if €j(y 4+ dy + 01) > (4 +da + 02) and
decreases if € (i +dy 4+ 01) < (p +da 4 02). The R, sensitivity to K decreases if eg > 1
and € > € J-

We observe that the basic reproduction number Ry is specified in the absence of any
control measures in various studies, see, e.g., [4-25]. In our instance, this means vy = 0, and

so it is derived from R. when we put y = 0. Consequently, Ry = IE%E# + & (755 T
Ry _ P
degp — K+4pu’

oro €f + K
9B Kap o (Ktp)(ptditor)”
ORg __ Br(1—ep)—pB(dieg, +eE, 01)

K = K+pP(utdito)
oRy _ _ _Per, BK _ BK
H (K+u)? (K+p)(ptdy+or)? (K+p)?(ptditor)’
Mg _ ___ pK
od; (K+p) (ptdy+01)2”
Ry __ BK

dor T (Kdp) (ptdy+o1)?’
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Given that all parameters are positive, then eo >0, 83/250 >0, agio <0, 8850 < 0, and

aRO < 0. Also, if eg > 1, then aRO < 0. Therefore, for eg > 1, Ry increases with er and
and decreases with y, dq, 0y, and K.

4. Existence and Uniqueness Analysis

In this section, we investigate the existence and uniqueness of the proposed model
with the assistance of the Banach fixed-point theory. First, let us write Equation (10) as
follows:

X'TDES(t) = m(t, S),

X' T“D{E(t) = hy(t, E),

X' TUDEI(t) = hs(t, 1), (13)
X'TUDEJ(t) = ha(t, ),

X' T“DfR(t) = hs(t, R),

where
hl(t, S) —p_ S(t)(lgl(t)+€EI/\3]E(t)+€]ﬁf(t)) _ ,us(t)r

hz(t, E) _ S(t)(ﬁl(t)+eEI,\S[E(t)+€/‘B](t)) - (K—i— y)E(t),
h3(t, I) =KE(t) — (v + o1 +dy + p)I(t), (14)
ha(t, ]) = 7I(t) — (o2 +do + )] (1),
s(t, R) = 1 1(£) + o] (1) — pR().

The corresponding system of integral equations for Equation (13) is given by

hy(T, S(T))(t — 7)* ldr,

wn
—~
—
~—
I
5]
o
+
(o
2l
—_—

* 0
E(t) = Eo + g;“‘;ofthz(r, E(7))(t — 1) ldr,
1) = o+ o5 0fth3(r, I(v))(t — 1)~ dr, (15)
I = ot i sl S ¢ =),
R(f) = Ry + ?g;““)bfhw, R(7))(t — 7)% 1.

Before discussing the existence and uniqueness, we want to prove the following lemma.

Lemma 4. The functions hy(t, S), ha(t, E), h3(t, I), ha(t, J), and hs(t, R) satisfy the Lipchitz
condition if the following inequalities hold:
1h (£, $(£)) = ha(t, S1 ()| < 4]
[1h2(t, E(£)) = ha(t, Ex(8))[| < €2]|(
113 (8, 1(£)) = ha(t, L(£)) ]| < €3[| (L
( (1) (Jx(
)

~—~~
95)
—
N
~
~—
wn
N
~
~

t 1
1ha(t, J(£)) = (t Ji(£)[|< 4]
15 (¢, R(£)) = hs(t, Ry (£))[| < &5 [ (Ra(£) = R(£))]]-
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where
ISII <0, IE < Lo, Il <15, ]| <la IR <5, [NN1]| =9,

(ﬁl3 + GEﬁlz + €]ﬁl4)

5 (lz+13+l4+l5),

£1:I/l+

,Bl]lg +€],Blll4 " GEﬁl1(

5 11+l3+l4+l5)

= (k+pu)+

3= (y+oy+di+p),
ty= (o +dy+p),
£5:‘H.

Proof. We will prove for the first kernel and then for the other. Consider function S;(t) and
S(t). Then,

11 (2, S(£)) = ha(t, Sa(t))|]
— ||p — SOBIOecBEW+eBI0) _ gy _p

N
SUDBIO+eePEOTBI0) | g (1))

Ny

where Ny = S1(¢) + E(t) + I(t) + J(t) + R(¢t)

|- S e + B0 _ i, SUDPIO +erfEW + B o,

+

_ Hmsl(t) 5@y - SOMBI) +§§£E<t> +erBl(1) | SION(BI(Y) +§iﬁE(t) +e1pI (1) H

_ HM(Sl(t) _s() - S(H)N1(BI(t) +1\(;§\I€E(t) +efI(t) | Si(HN(BI(H) +§i]ﬁ1E(f) +¢1B(1)) H

= [wts10) = 5oy + L EBED LSBT (s 1) — s
1

— [ wts10) = sty + LHOERED LGOI o3y 410) 4 10) + RO 510) - 500
1

| -4 BRI (500 4100+ 100 + R (106~ 500)|

< (- LR SBIOD (1eey) -+ oyt + ol + IR 1510 - 501

(Bls + <P+ P) (1, 1 1y 4 1y + 1) [51(6) - (1)

where ||S|| < Iy, ||E|| < L, |I]| <13, ||]]] <l ||R]| < I5and |[NN;|| = . Then,

[[h1(t, S(8)) = ha(t, S1(8) | < 41f|S2 () = S(B) ],

< (u+

Wherew?l = ]/l-f— w(lzﬁ‘lgﬁ—hﬁ—k)

Similarly, we obtain

[[h2(t, E(t)) = ho(t, Ex(£))|| < L2l Ex(£) — E(#)]],
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,

13 (8, 1(£)) — ha(t, ()] < €3][11 () — I(¢)
1ha(t, J(8)) = ha(t, i) < Lall 1 (E) = J(B)],

15 (t, R(t)) = hs(t, Ri ()] < €5[|Ry (£) = R(D)]-
O

4.1. Existence of Solution
Consider the proposed model equation written as

XTEDE Y (t) = H(t, Y(1)),t > 0,a € (0,1] (16)

with the initial condition
Y(0) = Yo, (17)

where

Y(t) = {S(t), E(t), I(t), J(t), R(t)},
Yo = {5(0), E(0), 1(0), J(0), R(0)},

H(t, Y(t)) = {m(t, S(t)), ha(t, E(t)), hs(t, 1(t)), ha(t, ] (t)), hs(t, R(t))}.
Then, from Lemma 1, we have

1—a
I'(a)

=

Y(H) =Yy + / H(t, Y(1))(t — 7)* ldr. (18)
0

Let My = maxc, p,llhi(t, S(t))|, M2 = maxci p,)[|h2(t, E(t))||, M3 = maxc, p,]
B3 (t, 1(t))|], Ma = maxc( b, l|ha(t, J(£))]], and Ms = maxcy,, p5)[|h5(t, R(t))]|, where

Cla,bi] =[t—a,t+a] x[S—b, S+ 1] =AxCy,
Cla, byl =[t—a,t+a] X [E—by, E+by] =AxCy,
Cla,bs) =[t—a,t+a] x [ —b3, I +b3] = AxCs,
Cla,by) =[t—a,t+a] X [J—by, J+bs] =AXCy,

Cla,bs) =[t—a,t+a] X [R—bs, R+bs] = A x Cs.

Now, we assume a uniform norm on Cla,b;],i = 1,2, ...,5 as follows:
Y| = maxieal|Y(8) |-

Consider the operator

0 : C(A/ Cl/ CZ/ C3/ C4r C5) — C(Ar Cl/ C2/ C3/ C4/ CS)/
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given as

oY (¥) ) /H 7,Y(1))(t — 7)* U,

We assume that the solutions of Equation (16). are bounded with in a time period:

HY” S maX{C1, CZ/ C3/ C4/ C5} =C
Let M = max{Mj, My, M3, My, Ms} and T exists so that T > t. Then,

t

10Y — Yo = %f H(t, Y(1))(t —7)* ldt
0

< X

[H(T, Y(D)II(t —1)*dt

pax
&
o

¢
My My
X [(t—1)% 1dT—r(X+1)t“

IN

0
MY e < gM < C,

where we demand that c
< —.
¢< M

Similarly, we can prove that |[|Y — Yp|| < C. Then, the operator 6 maps itself.
Also, we evolute the following equality:

H9Y1 - QYZH = maxt€A||9Y1(t) — GYZ(f)”

By our operator, we obtain

16Y: () — 62 (1)

1ot Lt
= [ Hm(0) (= 1)t = g [ H(T Ya(m) (¢ = 1) >
- )F(E;L; J[H(T' Yi(7)) — H(t, Ya(1)))(t — 1) T
1-a f

< £ JIIH(T, Vi (1)) = H(T, Ya(0)) [|(t = 7)*d.

Now, assume hypotheses Lemma 4. The kernels h;, i = 1,2, ...,5 satisfy the Lipchitz

condition; thus,

IH (£, Y (£) — H(t, Y(1)) | _
= maxiea{[|h(t, S(t)) — I (t, S(H)) ||, [Ih2(t, E(t)) — ha(t, E(1)) |, I3 (t, I(t))

—ha(t, I(t))[I, [|ha(t, J(£)) = ha(t, J(£))|L, 1R (£, R(£)) — hs(t, R(¢)) || }

< maxiea{€1]|S — S|, €2||E — E|, £5[|T = I, 4]l] = JI|, £5|[R — R]|}
< max{?y, £y, 43, by, s}maxica{||S = S|, [[E = E|, [T =I||, [[] = JIl, IR = R[[}
= ¢{[[y = Y[}
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Then,

1-ap | ~
16Yy — 0| < A5 0fllYl —Ya||(t = 7)* ldt

x- “10 : a—1
= Fo I - Ysz(f—T) dt
F(oc+1 (Y1 = Ya|
< (cx-l—l)T ||Y1 Y2||

—of

Then, by making & T ( ) T < 1, this proves that 6 is a contraction and has a fixed-point,

which is the required solution of (16) and completes the proof. O

4.2. Uniqueness of Solution

Now, we want to prove the uniqueness of solution Y(¢) on Cla, b;],i = 1,2, ...,5. Let
Y(t) and Y(t) be two solutions of Equation (16) on Cla, b;]. Then,

~

VO -TO = |5 HE Y- e T - e
- %(EOSJ[H(T' Y(7)) — H(t, Y(1))](t - Ty lgg
= )FCE:;fHH(TrY(T)) H(t, Y(1))||(t — 1)* dr.

By using the Lipchitz condition,

. 1 ap
Y (t) - Y(t /||y — )% lgr
Therefore,
. t
Y -Y|| < X fmaxteAHY t)Hbf(t —71)* 4z
1- u(,f 1-ap
—X |Y YHft—T"‘ lgr = X ez t"‘HY Y|
<Ny -7].
where N = r( +f) T* < 1. Thus, |Y — Y|| = 0= Y(t) = Y(t). The solution is unique.

5. Numerical Algorithms

In this section, we present two different numerical algorithms. The first algorithm
relies on the mean value theorem for integrals [29-31], while the second one utilizes the
implicit trapezoidal method [29]. There is a unique solution on the interval [0, T] under the
assumptions of Section 4. Let ti = jk,k=Atforj=0,1,...,Nand k = % The solution of

X' TDES(t) = hy(t, S), (19)
is equivalent to

s(6) = slt0) + % [t steyie—o i 20
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Replace t by ¢, in (20) to obtain:

S(t) = S(to) + / (T, S()) (tn — T)%1dx, 1)

LetS, = S(t,),n=1,2,..., N. Then,

tn

I o
Sy =So+ r((x)o/hl(r, S(7)) (b — 7)% L. 22)

5.1. Numerical Algorithm of MVM

This subsection presents the numerical algorithm based on the mean value theorem for
integrals and includes its stability analysis. To apply the mean value theorem for integrals,
let us rewrite Equation (22):

a1 1

Sy = So+ ’FC( ) ZO / I (T, $(1)) (b — T)% dr. 23)

Since (t, — 7)%~ ! maintains a positive sign over the interval |¢ [ s ]H], wherej=0,1,...,n—1.
Then, using the mean value theorem for integrals in Equation (23), we obtain

1 —an— i
Sw=5S0+2%— 2 h (%, S(t /( — )l (24)
fi
where 7% € (tj,t;,1). After evaluating the integral in Equation (24), we obtain

a1—a n—1

51 = S0+ g Xy (e SN =) = == 1) @)

If we reduce the difference (#; — t;, 1) to be small enough, we can approximate 1 (7*, S(7*))
by hq(tj, S(t;)) and rewrite Equation (25) as

1-a n—

* kX j
sn:so+r( =y ZChl irSi), (26)

where S}~ S, and C{‘1 = (n—j)* — (n —j — 1) Similarly, we can approximate 1 (7*, S(7*))
by h1(tj+1, S(tj1)) and rewrite (25) as

l-an—

o k*
S, =50+ 1,7(c Z C h1 j+1s S]+1) (27)

Since S;1 is unknown in Equation (27), we approximate it by S* 1 which is calculated by
Equation (26). So,
l-an—-1

k% k
S, =So+ F7(C ZC hy(tjt1, 5741 (28)

Finally, S, is calculated with a more precise approximation by utilizing Equations (26)
and (28), yielding;:
S, +S7

Sy = 5

(29)
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a - n—1

kx k
S, = 50+ mzocn (hl (t]'Jrl, S;Zrl) -|—h1(i'j, S]))> (30)
]:
Also, we can derive the numerical algorithm for the remaining equation in the system (13).
Consequently, the approximate solution for our system can be expressed as follows:

kal

Si = S0+ ik z Chin (£, ),

kala

E;_E0+r(x+1 ZChZ( )

kala

;zk =1Io+ F(oc+1) Z C] h3( ) (31)

~

Ji =+ 55 z Chha(t;, Jj),

kala

R = Ry + WH) z Chhs(t, R)),

and

a d-a n=1
S = S0+ g ;O Chil(tjs1, S50+t S)),

n—1

kala”l—

In=1To+ T (o+1) Z C (h3(tj+1' I]trl) + h3(tf' If))’ (32)
Ju=Jo+ Zl"aoc—&-l E Ch(ha(tjsa, Jia) + halti 1)),
a d—a n=1
Ry = Ro+ fSeny & Chlhs(tin, Riv) +hs(t Ry))
]:

whereC,j1 =mn—j)*-(n—j—1)%andn=1,2,...,N.
Stability Analysis of MVM

Assume perturbations of Sy, S;, and S;;, wheren = 1,2,..., N, denote them as Sy, Sy,
~X

and S,,, respectively. Then,
~k ~ ko(Xl—tx n—1 j .

and

~ ~ kzxxlftx n—1 . . ~ ~
Su+Sn=So+ So+ m;}cﬁ(m(tm,sj+1 +8Si41) +h(t,S;+S)). (34
]:
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Subtracting Equation (26) from Equation (33) and Equation (30) from Equation (34), respec-
tively, we obtain

~ % ~ kvcltxn

— ]
Sn — S() + W Z C h1 t], S; + S ) I’l1(t], S]))/ (35)
and
~ ~ koc n—1 ~
Sn = S°+m2 Ch((m( ]+1,s]+1+5]+1) (41, Si10)) + (I (4, S5+ ) — (8, S))). (36)

Utilizing the modulus for Equation (35),

~k

zx 1-a N— ~
S, so+}‘ z ch (h(tj, Sj+Sj) — hi(t;, sj))‘
a 1—a N—
< [So| + " s zc I (tj, S; +S) hi(t), S))|.

Subsequently, by applying the Lipschitz condition, we obtain

~k

S,

~

< |So —i—yZC]

j=0

(37)

where y = KX fl Lemma 2 is utilized to obtain

(vc+1)

~*

S, 5.

50

+ uhy 1 Z n—j—1)1 (38)

j=0
Subsequently, through the utilization of Lemma 3 in Equation (38), we obtain

~k

S| < 9[5S, (39)

where ¢ is a positive constant. Utilizing the modulus for Equation (36),

kala ~%

~ n—1 ~
1Sul = |So0 + zr(aﬂ) Z cj ((h1(tjs1, 7oy 4 Sjp1) — (b, S7pq)) + (I (t, Sj+ Sj) — ha(t;, Sj)))‘
~ ad—a n=1 ~*
< |So| + % ‘Zo Chllh (ti41, St +Sjt) =it S|+ [, S + S; i) —h(t;, Sp)l)-
]:

Subsequently, by applying the Lipschitz condition, we obtain

~

s, <|s +1s

N\‘i

]+l j ) (40)

; .

From Equation (39) in Equation (40), we obtain

e < (1

EC]

(41)

Vn—l |~
S + 5 clfs
25
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Lemma 2 is utilized to obtain

-1

#ha, 1 : -1|g
S < o+ == ;)(n—]_l)a Sil, (42)
where ¢y = mﬂx1gn§N{(1 + Hﬁzn ! C]) go } Subsequently, applying Lemma 3 in Equa-

tion (42), we obtain

where ¢ is a positive constant. Then, the proposed numerical scheme is unconditionally stable.

5.2. Numerical Algorithm of ITM

This subsection presents the numerical algorithm based on the implicit trapezoidal method
and includes its stability analysis. Before applying the method, we rewrite Equation (22) as
follows:

tn 1

Sy = /thS by — 1)
()

1—a }
)rc((x) / h (T, S(7)) (t — T)* ldT, (44)

To approximate the solution of this equation, we apply the ITM to approximate the first
integral. However, the second integral cannot be approximated using this method because
it is an improper integral. So, we use another suitable technique, such as the mean value
theorem for integrals, to overcome this problem:

t
k 1-an—1 i Xl_a . . n 9
S _SO+2F( )]Zoaj(tnftj)“ Ik, ) + Sy (7, S ))/(tn—'r)"‘ dt, (45)

n—1

where (f, — T)“_l maintains a constant sign over the interval [t,_1, t,], t,—1 < t* < ty,
ag = ap1 = landa; = 2,j = 1,...,n—2. We replace hy(t*,S(t")) by a suitable
approximation 3 (hy (t,—1, Su—1) + 1 (tn, Sn)). We obtain

n—1
Sn="So+P1Y_ aj(tn —t;)* i (t;, S;) + Pa(h1(ty—1, Su—1) + h1(tn, Su)).  (46)
j=0
where | = and Lo = 7;) Similarly,

Ey = Eo + %P1 Z aj(tn — ;) ha(tj, Ej) + Pa(ho(tn—1, En-1) + ha(tu, En)).
]_

L =1Io+ P Z a]( )oc_lh3( ]/ ]) —|—‘,]32(h3( n—1, In— 1) +h3(tn/ In))
j=0

- 47)
Jn = Jo+P1 ';o aj(tn — t)) hy(t;, J;) + Pa(ha(tn-1, Ja1) + ha(tn, Jn))-

Ry =Ro+P ): aj(ty — t;)* 1 hs(tj, Rj) + Pa(hs(tu—1, Ru—1) + hs(tn, Rn)).
]_

To determine Sy, Ey, I, ], and R, we apply Newton’s method to find the (S, Ey, L, Ju, Rn)
of the root of the following equations:
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n—1

12} (Sn/ En, In, Jn, Rn) =S1— S0+ P 'ZO aj(tn - tj)“_lhl(tj, S]’) +‘J32(h1(tn_1, Sn—1) + hl(tn/ Sn)) =0,
]:
n—1

Fx(Sn, En, In, Ju, Ru) = Ex — Eo + %1 L aj(tn — )% ha(t), Ej) +PBa(ha(tu1, En—1) + ha(tn, En)) =0,

j=0

n—1
F3(Sn, En, In, Ju, Rn) = Iy — Ip +P ‘EO ’lj(tn - tj)“_1h3(t]" Ij) + Pa(ha(tn-1, In-1) + hs(tn, In)) =0, (48)
]:

n—1
Fy(S1,E1, I, Ji, Ra) =] — Jo+ %1 'Zo aj(ty — ;) hy(tj, J;) + Po(ha(tn-1, Ju-1) + haltn, Jn)) =0,
]:

n—1
F5(S1,E1, It, J1, R1) = Ry — Ro + %4 'Zo aj(tyn — ;)% hs(tj, Rj) + Ba(hs(tn-1, Ru—1) + h5(tu, Rn)) = 0.
]:
To approximate the solution, select Wl(o) = (Sgo), E;O), 11(0), ]{O), Rgo)) = (So, Eo, Io, Jo, Ro)
and generate Wl(k) by putting n = 1 in Equation (48) and applying Newton’s method until
le(k) — Wl(k_l) H is small enough.

w® = wh D — A1 D) pwt),

where A~! is the inverse of the Jacobian matrix, F(Wl(k_l)) = (Fl(Wl(k_l)),Fz(Wl(k_l)),
EWS ), By (W), B(W 1)) and

After obtaining Wi = (S1, Ey, I1, J1, R1) as an approximation, the method is repeated to
find W5, and so on.

Remark 2. While applying Newton’s method, the denominators N of hy(tu, Sn) and hy(t,, Ey)
become very large after obtaining their first derivatives because the value of Sy is large. To overcome
this problem, we linearize them by approximating N (t,) ~ N(t,_1).

Stability Analysis of ITM
Assume that Sg, Sy, n =1,2,..., N have perturbations go, gn. So, we have

~ ~ n—1 ~ ~ ~
Su+Su="5S0+So+P1Y_ aj(tn—t;)* hi(t;, Sj+ S;) + Ba(h1(tn—1, Su—1 + Su—1) + 1 (tn, Su+ Sn)).  (49)
j=0

Subtract Equation (46) from Equation (49). Then,
~ ~ n—1 ~
Sy =S50+ Z aj(tn — t]')‘xfl(hﬂt]’, S]‘ + S]‘) — ]’ll(t]', Sj))
j=0 (50)

+q32((h1(tn71/ Snfl + Snfl) - hl (tnflr Snfl)) + (hl (tn/ Sn + Sn) - hl (tn/ Sn)))-
Utilizing the modulus for Equation (50),
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- ~ n—1 _ -
|Sn| :| So + B4 ‘ZOLI]' (tn — i’j)a ! (h1 (tj, S] + S]) — hl (t]', S]))
j=
+%2((h1 (tnflr Snfl =+ gnfl) - hl (tnflz Snfl)) + (hl (tn/ Sn+ SNn) - hl(tnr Sn))) |
~ n—1 _ -
< [Sof +B1 X 4t — 17)° (I (4,54 5) = (4,5)])
j=

+‘Bz(|h1 (tnflr Snfl =+ Sanl) - hl (tnflz Sn71)| + |hl (tn/ Sp+ SNn) - hl(tn/ Sn) |)
By using Lipchitz condition, we obtain
~ ~ n—1 ~ ~ ~
[Snl < [Sol +Prts Y aj(ta — 1) %718+ PBat1(|Su-a| +[Sa])- (51)
j=0

If n = 1, then Equation (51) becomes

[S1] < [Sol + B122k" 1 [So| + Pata(|Sol + [S11),
which implies
1S1] < {1Sol, (52)

where {; = Wlflk;%?%, and the value of {; is positive. If we put n = 2 in Equation (52),
21
we obtain

~ ~ 1 ~ ~ ~
|S2| < [Sol +‘J31{’142061j(t2 — )57 S |+ Bati (|S1] +[S2])
=
= [Sol + P1£1((26)*H[So| +k*[S1]) + Pot1(IS1] + |Sal).
Using inequality in Equation (52) implies

|S2] < [Sol + B4 ((2k) 1 So| + k> {1]Sol) + P21 ({1|S0| + [S2))-

We obtain N N
|S2| < {2[So (53)
Lk i+ O )l B0t (o
1=t N N
Thus, by the same method, we can prove that |S,| < {,|So|, n > 1, where {, is a
positive constant. Then, the proposed numerical scheme is conditionally stable.

where {, = , and the value of {; is positive.

6. Numerical Results
6.1. Numerical Simulation of MERS

This subsection presents numerical results and simulations of MERS. To achieve that,
we consider the parameter values, as in Table 1 and the initial values (Nofe et al. [4])
So = 4,999,990, Ey = 0, I = 10, Jy = 0, and Ry = 0. Wolfram Mathematica was used to
compute all the approximate solutions with x = 0.99.

Regarding the parameter values in Table 1, the R, = 1.011363 > 1. Then, there exists
a unique endemic equilibrium, E, = (4,913,405, 29,13, 29,55,761), and the point of the
model (10) is positive, which is locally asymptotically stable. The R = 2.03292 > 1. Then,
the disease-free equilibrium of (10) is locally asymptotically unstable.
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Table 1. Parameter values for proposed system.

Parameter Parameter Value Unit Source

o] 0.0433 1/day Nofe et al. [4]
%) 0.0457 1/day Estimated

u 0.000034 1/day Nofe et al. [4]
0% 0.1501 1/day Nofe et al. [4]
dq 0.0294 1/day Nofe et al. [4]
d» 0.0227 1/day Nofe et al. [4]
B 0.122 1/day Nofe et al. [4]
€F 0.2996 - Nofe et al. [4]
€f 0.0899 - Nofe et al. [4]
K 0.1026 1/day Nofe et al. [4]
p 170 individual/day Nofe et al. [4]

Comparisons among the numerical results are introduced in Tables 2-6, with k = 0.5,
which show that the numerical results of the MVM and ITM are very similar. This helps
us see how MERS has evolved as a behavior. The arbitrary-order MERS model offers
greater flexibility, as demonstrated by the behavior of the solutions for susceptible S(f),
exposed E(t), infected I(t), isolated J(t), and recovered R(t) over time t. This is illustrated
in Figures 1-5: part (a) shows distinct values of &, while part (b) depicts larger values of
approaching 1. Furthermore, we deduced from these plots that the outcome of the model
under consideration is contingent upon its past performance as well as the parameters
specified in the system (10). A comparison of the plots shows that the functions produced
from both forms of derivatives behave consistently, even though the resultant values are
different. The simulation of the numerical solution for infected I(t) is slower with time, as
shown in Figure 2. Based on the results obtained, it can be observed that the proposed
scheme facilitates the understanding of behavior using fractional derivatives.

Table 2. Approximate solutions of S(t) at different time intervals.

=04 a=0.6 a=0.8

t MVM IT™™ MVM I™ MVM IT™

0 4,999,990 4,999,990 4,999,990 4,999,990 4,999,990 4,999,990
50 4,999,985 4,999,985 4,999,982 4,999,982 4,999,975 4,999,975
100 4,999,984 4,999,984 4,999,979 4,999,979 4,999,967 4,999,967
150 4,999,984 4,999,984 4,999,976 4,999,976 4,999,959 4,999,959
200 4,999,983 4,999,983 4,999,974 4,999,974 4,999,951 4,999,951
250 4,999,983 4,999,983 4,999,973 4,999,973 4,999,944 4,999,944
300 4,999,982 4,999,982 4,999,971 4,999,971 4,999,937 4,999,937
350 4,999,982 4,999,982 4,999,969 4,999,969 4,999,930 4,999,930
400 4,999,982 4,999,982 4,999,968 4,999,968 4,999,923 4,999,923
450 4,999,981 4,999,981 4,999,966 4,999,966 4,999,917 4,999,917
500 4,999,981 4,999,981 4,999,965 4,999,965 4,999,910 4,999,910

Table 3. Approximate solutions of E(t) at different time intervals.

a=04 a=0.6 a=0.8

t MVM IT™™ MVM IT™M MVM IT™

0 0 0 0 0 0 0
50 2.7963 2.7960 3.7385 3.7347 4.3512 4.3488
100 3.0979 3.0981 4.0200 4.0186 4.5201 4.5196
150 3.2614 3.2617 4.1502 4.1494 4.6154 4.6152
200 3.3708 3.3712 4.2310 4.2305 4.6907 4.6906
250 3.4517 3.4520 4.2886 4.2883 4.7573 4.7573

300 3.5157 3.5160 4.3332 4.3329 4.8190 4.8191
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Table 3. Cont.
x=04 a=0.6 «=0.8
t MVM IT™M MVM ITM MVM IT™M
350 3.5669 3.5672 4.3695 4.3693 4.8777 4.8778
400 3.6104 3.6107 4.4002 4.4001 4.9344 4.9345
450 3.6477 3.6480 4.4269 4.4268 4.9895 4.9897
500 3.6803 3.6806 4.4506 4.4506 5.0436 5.0438
Table 4. Approximate solutions of I() at different time intervals.
x=04 a=0.6 «=0.8
t MVM ITM MVM ITM MVM IT™™
0 10 10 10 10 10 10
50 4.9648 4.9655 3.3488 3.3558 24119 2.4158
100 4.4429 4.4428 2.9193 2.9220 2.2920 2.2929
150 4.1645 4.1642 2.7416 2.7430 2.2703 2.2707
200 3.9808 3.9803 2.6423 2.6432 2.2714 22717
250 3.8465 3.8460 2.5784 2.5791 2.2814 2.2816
300 3.7422 3.7417 2.5338 2.5344 2.2957 2.2959
350 3.6578 3.6574 2.5010 2.5014 2.3124 2.3126
400 3.5876 3.5872 2.4759 2.4763 2.3306 2.3307
450 3.5279 3.5275 2.4562 2.4565 2.3497 2.3498
500 3.4762 3.4758 2.4404 2.4407 2.3695 2.3696
Table 5. Approximate solutions of J(t) at different time intervals.
x =04 «=0.6 «=0.8
t MVM ITM MVM ITM MVM IT™
0 0 0 0 0 0 0
50 3.2438 3.2429 4.1545 4.1505 4.5712 4.5706
100 3.5444 3.5442 4.3458 4.3446 4.6147 4.6149
150 3.6989 3.6989 4.4191 4.4185 4.6666 4.6668
200 3.7982 3.7983 4.4614 4.4608 4.7214 4.7215
250 3.8694 3.8695 4.4904 4.4902 4.7762 4.7763
300 3.9237 3.9243 4.5133 4.5132 4.8302 4.8303
350 3.9671 3.9672 4.5324 4.5324 4.8834 4.8836
400 4.0028 4.0029 4.54919 4.5491 4.9360 4.9361
450 4.0329 4.0330 4.5642 4.5642 4.9879 4.9881
500 4.0588 4.0589 4.5780 4.5780 5.0394 5.0396
Table 6. Approximate solutions of R(#) at different time intervals.
x=04 a=0.6 «=0.8
t MVM ITM MVM ITM MVM IT™M
0 0 0 0 0 0 0
50 1.9809 1.9859 4.0560 4.0596 8.0843 8.0860
100 2.5509 2.5559 5.9402 5.9442 13.639 13.642
150 2.9576 2.9626 7.4453 7.4495 18.675 18.678
200 3.2853 3.2903 8.7527 8.7570 23.436 23.441
250 3.5646 3.5696 9.9329 9.9372 28.022 28.026
300 3.8108 3.8158 11.022 11.026 32.483 32.488
350 4.0325 4.0374 12.051 12.046 36.852 36.857
400 4.2351 4.2401 13.006 13.020 41.150 41.156
450 4.4226 4.4275 13.925 13.930 45.393 45.399
500 4.5975 4.6025 14.806 14.811 49.591 49.598
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Figure 1. Graph depicting approximate solutions of S(t) part (a) displays results for distinct values
of «, while part (b) shows results for larger values of a approaching 1.

o g
3° 2
& @
o o
< =3
w2 w
— a=07
1
— a=08
0
0 100 200 300 400 500 .
Days 0 100 200 300 400 500
Days
(a) (b)

Figure 2. Graph depicting approximate solutions of E(t), part (a) displays results for distinct values
of «, while part (b) shows results for larger values of a approaching 1.
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Figure 3. Graph depicting approximate solutions of I(), part (a) displays results for distinct values
of a, while part (b) shows results for larger values of a approaching 1.

Remark 3. We used Wolfram Mathematica to extract the integer part of the values for S(t) in
Table 2.
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Figure 4. Graph depicting approximate solutions of J(t), part (a) displays results for distinct values
of «, while part (b) shows results for larger values of a approaching 1.
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Figure 5. Graph depicting approximate solutions of R(t), part (a) displays results for distinct values
of «, while part (b) shows results for larger values of a approaching 1.

6.2. Fitting Model to Real Data

This subsection presents the fitting of the MERS model to real data. To achieve this,
we considered the parameter values in Table 1. The initial value of Sy = 6,218,000 was the
population of Riyadh, Saudi Arabia, in late 2015 [32], Eg = 0, I = 5, Jo = 0, and Ry = 0.
Wolfram Mathematica was used to compute all the approximate solutions with x = 0.99
and k = 0.5.

We utilized real data from Riyadh, Saudi Arabia, in 2015 with laboratory-confirmed
cases of MERS infection, as detailed in Table 7 [33]. A comparison of reported MERS cases
with model fittings is presented in Figures 6 and 7. These figures show an excellent match
with the real data. Our findings suggest that fractional-order models provide a variety of
fitting data compared to traditional integer-order models.

Table 7. Real data on laboratory-confirmed cases of MERS infection.

Day Reported MERS Cases

19 September 2015

26 September 2015

30 September 2015
1 October 2015
7 October 2015
10 October 2015
11 October 2015
13 October 2015
14 October 2015
22 October 2015

—
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Figure 6. Comparison of reported MERS cases in Riyadh, Saudi Arabia, with model fitting at various
values of &, part (a) shows & = 0.5, (b) shows a = 0.6, (c) shows & = 0.7, and (d) shows & = 0.8.
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Figure 7. Comparison of Reported MERS Cases in Riyadh, Saudi Arabia, with model fitting at various
values of &, part (a) shows & = 0.96, (b) shows & = 0.97, (c) shows & = 0.98, and (d) shows a« = 0.99.

7. Conclusions

In this work, we have presented a fractional-order derivative model and analyzed it for

the MERS model. Utilizing the fixed-point theorem, we have established the existence and
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uniqueness of the solution to the proposed model. We employed the implicit trapezoidal
and the mean value theorem methods to solve the fractional model suggested in the sense
of Caputo. Furthermore, we studied the stability of our methods and demonstrated that
these methods are stable. Fractional calculus theory can be used to adequately simulate
the MERS model’s dynamic behavior, which is dependent on both the current time and
its history. We have created a stronger and more accurate model by including Caputo
fractional derivatives. To sum up, the methods suggested are quite methodical and efficient,
providing workable ways to investigate nonlinear fractional mathematical models that
explain biological processes. In the area of mathematical modeling, the use of fractional
calculus presents novel ideas.
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