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NUMERICAL SOLUTIONS OF THE FRACTIONAL SIS
EPIDEMIC MODEL VIA A NOVEL TECHNIQUE

ALI KHALOUTAY*, ABDELOUAHAB KADEM!

ABSTRACT. This article introduces a novel technique called modified frac-
tional Taylor series method (MFTSM) to find numerical solutions for the
fractional SIS epidemic model. The fractional derivative is considered in
the sense of Caputo. The most important feature of the MFTSM is that it
is very effective, accurate, simple, and more computational than the meth-
ods found in literature. The validity and effectiveness of the proposed
technique are investigated and verified through numerical example.
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1. INTRODUCTION

The fractional SIS epidemic model is given as

{ DS(t) = —rS)I(t) + ul(t), 1)
DYI(t) =rSt)I(t) — pl(t),
subject to
S(0) = So, 1(0) = I, (2)

where D® is the fractional derivative operator in the Caputo sense of order
a,0 < a <1, 5(t) is the susceptible population, I(t) is the infected population,
r > 0 is the infectivity coefficient, and p > 0 is the recovery coefficient, while
So > 0 and Iy > 0 are given constants.

When a = 1, the system (1) reduces to the classical SIS epidemic model. Re-
cently, many methods have been developed to solve the classical SIS epidemic
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model. Among these methods are: Lie group (LG) [1], homotopy analysis
method (HAM) [2], differential transformation method (DTM) [3].

The fractional SIS epidemic model described in system of first nonlinear
fractional order ordinary differential equations. Nowadays, there is increasing
attention to nonlinear fractional differential equations and their applications
in different research fields, where these equations appear in many branches of
physics, engineering and applied mathematics such as: fluid mechanics, vis-
coelasticity, diffusion, signal processing, electromagnetism, electrochemistry,
nonlinear control theory, nonlinear biological systems, biomedical, chemical
reaction theory, and so on [4-20].

In all these scientific fields, it is necessary to determine the exact or at least
approximate solutions for the nonlinear fractional differential equations. In
general, there is no specific method that gives an exact solution to these equa-
tions due to the complex nonlinear parts involved, most of these methods are
only approximate. For this reason, many analytical and numerical methods
have been proposed recently to solve the nonlinear fractional differential equa-
tions. For example, fractional natural decomposition method (FNDM) [21],
natural variational iteration method (NVIM) [22], fractional Elzaki projected
differential transform method (FEPDTM) [23], fractional residual power se-
ries method (FRPSM) [24], fractional reduced differential transform method
(FRDTM) [25].

The main goal of this article is to propose a new technique called modified
fractional Taylor series method (MFTSM) to find numerical solutions for the
fractional SIS epidemic model (1) subject to (2).

The MFTSM is one of the efficient methods which use to solve the nonlin-
ear fractional differential equations without using linearization and any other
restriction, which gives the solution in the form of an infinite series which
converges rapidly to the exact solution.

The rest of the article has been organized as follows. In Section 2, we de-
scribe the basic definitions of fractional calculus used throughout the article.
In Section 3, we solve the fractional SIS epidemic model (1) subject to (2) by
the MFTSM and establish its convergence. In Section 4, we suggest a numer-
ical example which demonstrate the effectiveness of our proposed technique.
In Section 5, we discuss our obtained results represented by figures and tables.
At last, conclusion is given.

2. BASIC DEFINITIONS

In this section, we provide some definitions and properties of the fractional
calculus which are used further in this article. For more details (see, [17-19)]).

Definition 1. The Riemann-Liouville fractional integral of order a > 0 for a
function f(t) is defined by
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1 ! a—1
f(t)={ T(a) ‘o[ (t—7)""" f(r)dr,a >0, (3)
f(t)’ a=0,

where I'(.) denotes Euler’s gamma function.
Definition 2. The Caputo fractional derivative of order o > 0 for a function
f(t) is defined by
¢
ynme—l pn) _
Def(t) = n—a({ fM(r)dr, n—1<a<n,
f(n) (t), a=n,

where n = [o] + 1 with [o] being the integer part of a.

(4)

For this definition we have the following properties

1)
D%(X) =0, where X is a constant.
2)
L(B+1) 48—
Datﬁ: F(ﬂ*&ﬁ*l)tﬁ C!7/B>n—17
0, B<n-—1.
3)

D(f(t)g(t)) = f(t)D%g(t) + g(t) D f(2).
3. ANALYSIS OF MFTSM FOR THE FRACTIONAL SIS EPIDEMIC MODEL

Theorem 1. Let consider the fractional SIS epidemic model (1) subject to
(2). Then, by MFTSM, the solutions of (1) and (2) can be expressed by an
infinite series as follow

00 tioz
Sit)y=> Sim0———
=0 F(“Z;L 1) 0<a<1,0<t<R, (5)
1) =5 It
& Tlia+1)

where S; and I; are the coefficients of the series (5) and R is the radius of
convergence.

Proof. Consider the fractional SIS epidemic model (1) subject to (2).
Suppose the solutions takes the form of an infinite series as follows

o tia
S(t) = Z; SiiF(m ) (6)
Z
=0

za+1
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Therefore, the n—order approximate solutions of (1), can be written as

n

n(t = i
5u(t) ;Sn 50+ZS ®
tia
I,(t) = = I Li—. 9
®) Z I‘m—f—l 0+; (i +1) ®)
Applying the operator Da on (8) and (9), we get the following formula
n—1 ;
tZCM
DS, (t) = Sip1=———, 10
0 = TSty (10)
n—1 tia
DI, (t) = Ly ——. 11
0 = Thorgey (1)

After that, we substitute (8), (9), (10), and (11) in (1). So, we have the
following recurrence relation

n—1 n tz’a
0 = ;SMP( +r<50+2 )(IH;IZ-W)
(IO+Z zaJrl)
and
n—1 io
- Sty (o Bt (o S

tia
+u (Io + ;IiF(ia n 1)> :

We follow the same analog used to obtain the Taylor series coefficients. In
particular, to obtain the coefficient S,, and I,, n = 1,2, 3, .., we must solve the
following

D(n—l)a {Fl (ta «, n)} \L t=0 )
DU By (t,a,m)} | =0 =0,
where
n—1
Fi(t,a,n) = ;Sz+lr( +T<S()+Z ) (I@“FZ

n tia
—ulr [—
H O+Z’F(ia+1) ’

=1
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48
and

n—1 tia n tia n tia
Bt S N A ——— L

i=0
n tia
1 Li—|.
+u o+ ; ZF(iO& T+ 1)
Now, we obtain the first terms of the sequence {S,}Y and {I,}Y

lO| n = 1 we llaVe

and
o

28 t
F 1)=1— — | o+ i=——

Solving Fi(t,a,1) = 0 and Fy(t,, 1) = 0, gives
S1 = —rSoly + plo,
Il = TSQIO - /J,Io.

>—|—u <Io + IlI‘(oi—l)) .

To obtain Sy and Iy, we consider

e tZOf
Fi(t,o,2) = Sl—’_SzF(oz—f—l)+T<SO+S1F(04—{-1)+S2F(2a+1)>

(67

o t2a
I+ 1 I
X<°+ Tty © 2r(2a+1)>

e t?oc
—u(Iy+1 I
”<°+ TatD 2r(2a+1)>’

and

o to t2a
Fta?2) = H+1Ihb— —

«

t t2a
To+1 I
X<°+ Tty " 2F(2a+1)>

to t2o¢
Igp+1 I .
+“< G 2F(2a+1))
Then, we solve D*{Fi(t,,2)} li—o= 0 and D {Fs(t,a,2)} li—o= 0, to

get
Sy = —T‘(S1Io+SoIl)+,uI1,

I, = 7"(51[0—1—50[1)—/1[1.
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To obtain S3 and I3, we consider Fi(t,a,3) and F5(t,«,3) and we solve
D% [Fi(t,,3)} li—o= 0 and D** {Fy(t,,3)} Li—o= 0. Therefore
S3 = —T(SQI() + 25111 + S()Iz) + pla,
I3 = T(SQIO + 25111 + SOIQ) — MIQ.
To obtain Sy and Iy, we consider Fi(t,a,4) and Fy(t,«,4) and we solve
D3 {Fy(t,a,4)} L4=o= 0 and D3* {Fy(t,,4)} }4=o= 0. Therefore
54 = —?”(53[0 + 352[1 + 351[2 + S()Ig) + ,ufg,
Iy = T(ngo + 35211 + 3511, + So[g) — uls.
In general, to obtain the other coeflicient S and I, by solving

DE=De LR (o, k)Y Li—o= 0 and DE=De{Fy(t, o, k)} Li—o= 0.
Finally, the solutions of (1) subject to (2), can be expressed by

n ticx e tia
= i = i L v
S(t) Rl Sn(?) nl_r?oo;‘gzr(iwr 1) ;SZP(m+ 1)’

tia st tia

I(t) = lim I,(t)= L L ———— = Li——.

Theorem 2. If there exists a constant 0 < v,0 < 1 such that

{ [Sn1 (B <A [[Sn (DI,
Hnpr D) < SO

where n € N,0 < t < R, then the sequence of approximate solutions (5)
converges to the exact solutions.

Proof. For all 0 < t < R, we have

1S = Su®l = || D Se@®| < Y- ISl < Y v ISk (@)
k=n+1 k=n+1 k=n+1
< 3 A ASk—2 Ol < < NSl Y A
k=n+1 k=n+1
n+1
7
= ISl

Since 0 < v < 1 and Sy is bounded, then

lim_[[S(t) — S (0)]| = 0.
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On another side
o0

> L)

k=n+1

Y Pllia®) < <ol Y 6

k=n-+1 k=n+1

5n+1
= ol

Since 0 < § < 1 and Iy is bounded, then
lim_ 1) ~ L()] =0.

() = L@ = < D Il < Y0 sl

k=n+1 k=n+1

IN

n

4. APPLICATION

In this section, we suggest a numerical example to demonstrate the efficiency
and accuracy of the proposed approach.

Example 1. Let consider the fractional SIS epidemic model with r = 2 and
w=1. Then (1) becomes

{ DYS(t) = —2S(t)I(t) + I(t), (12)
DI(t) =2S(t)I(t) — I(t),
subject to

S(0) = 0.45,1(0) = 0.55, (13)

where D is the fractional derivative operator in the Caputo sense of order
a,0<a<].
For a = 1, the ezact solutions of (12) subject to (13) is (See. [26])

1
St)=1- 2 Zot
1
It) = ———.
®) 2— Zet
According the description of the MFTSM presented in Section 3, we have
o0 t’LOé
Sit)=>  Sj=———,
®) ; T(ioc+1)
o0 tla
It)=> I,—,
0= & Gt 1)

and
So = 0.45,5; =0.055,5 = —0.066, 53 = 0.0913, S, = —0.15312...
Iy = 0.55,1; = —0.055, I, = 0.066, I3 = —0.0913, I, = 0.15312...
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Therefore, the solutions of (12) subject to (13), is given by

0.055t* 0.066t2*  0.0913t3*  0.153 12t
S(t) = 045+ — + —
I(a+1) TRa+1) TBa+1) T(da+1)

0.055t> 0.066t2*  0.0913t3>  0.153 12t
I(t) = 0.55— + - + -
IMNa+1) TRa+1) TI'Ba+1) TI'4a+1)

The special case of a = 1, will give the following result

S(t) = 0.45+ 0.055t — 0.033t% + 0.015217t> — 0.00638t* + ...
I(t) = 0.55—0.055t + 0.033t> — 0.015217¢> 4 0.00638t* — ...

which is the numerical solutions of the classical SIS epidemic model [3].

5. NUMERICAL RESULTS AND DISCUSSION

Figures 1 and 2 represents the graphical behaviour of the exact solutions
S(t) and I(t) and approximate solutions S4(t) and I4(t) for different values
of order of fractional derivative «. From Figures 1 and 2, we see that when
the order of the fractional derivative « tends to 1, the approximate solutions
obtained by MFTSM tends continuously to the exact solutions. Tables 1 and
2 represents the numerical values of the approximate solutions Sy(t) and I4(t)
and exact solutions S(t) and I(¢). It can be observed from Tables 1 and 2
that exact solutions for (12) are in close agreement with 4—term approximate
solutions using the MFTSM.

TABLE 1. The numerical values of the exact solution S(t) and
the approximate solutions S4(t) for different values of a.

t |a=07|a=08|a=095| a=1 | Exact solution | |Sezact — SmrTsMm|
0.1 0.46024 | 0.45831 | 0.45587 | 0.45518 0.45518 2.4978 x 1078
0.2 | 0.46509 | 0.46331 | 0.46064 | 0.45979 0.45979 7.7622 x 1077
0.3 1 0.46841 | 0.46710 | 0.46472 | 0.46389 0.46389 5.6872 x 1076
0.4 | 0.47070 | 0.47006 | 0.46825 | 0.46753 0.46755 2.3128 x 107°
0.510.47213 1 0.47234 | 0.47130 | 0.47075 0.47082 6.8175 x 107

Remark 1. In this paper, only 4—term approximate solution is used to cal-
culate the mumerical solution and the MFTSM can provide a more precise
solution with less absolute error by calculating a higher order approximation.
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FIGURE 1. The behavior of the exact solution S(t) and the
approximate solutions Sy (t) by MFTSM for different values of
.
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FIGURE 2. The behavior of the exact solution I(¢) and the
approximate solutions I4(t) by MFTSM for different values of
.
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TABLE 2. The numerical values of the exact solution I(¢) and
the approximate solutions I4(t) for different values of a.

t |a=07|a=08|a=0.95| a=1 | Exact solution | |Iezact — Insrrsm|
0.1 ] 0.53976 | 0.54169 | 0.54413 | 0.54482 0.54482 2.4978 x 1078
0.2 | 0.53491 | 0.53669 | 0.53936 | 0.54021 0.54021 7.7622 x 1077
0.3 | 0.53159 | 0.53290 | 0.53528 | 0.53611 0.53611 5.6872 x 1076
0.4 | 0.52930 | 0.52994 | 0.53175 | 0.53247 0.53245 2.3128 x 107°
0.5 | 0.52787 | 0.52766 | 0.52870 | 0.52925 0.52918 6.8175 x 107°

6. CONCLUSION

In this article, a new technique has been introduced called modified frac-
tional Taylor series method (MFTSM) to find numerical solutions for the frac-
tional SIS epidemic model. In order to clarify the accuracy and effectiveness
of the proposed method, it is applied to a numerical example. Numerical re-
sults demonstrate the ease and accuracy of the MFTSM to solve this model.In
addition, this technique gives solutions in the form of convergent series with
components that can be calculated directly without using linearization, pertur-
bation or restrictive assumptions. Finally, based on the efficiency and simplic-
ity of the proposed technique, we conclude that it is a powerful and effective
mathematical tool for many systems of fractional differential equations.

In the future studies, we will extend this approach to study the solutions of
a wide range of systems of nonlinear fractional differential equations involving
a higher-order fractional derivatives o, where n — 1 < a < n and n > 1.
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