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Abstract: Smoking is one of the principal drivers of health problems and continues being one of the world’s most critical health
challenges. So in this work, we addressed the elements of a giving up smoking model containing fractional derivatives. Generalized
Mittag-Leffler function method (for short GMLFM) is applied to obtained approximate and analytical solutions of nonlinear fractional
differential equation systems such as a smoking model of fractional order. The solution of this model will be acquired in the type of
infinite series which converges quickly to its correct esteem. In addition, we compare our outcomes and the outcomes obtained by
the Runge-Kutta method to demonstrate the dependability and effortlessness of the technique. Moreover, the solutions obtained are
displayed graphically.
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1 Introduction, motivation and preliminaries

Fractional calculus (FC) is a branch of mathematics that manages derivatives and integrals whose order might be an
arbitrary number, in this way it is considered a generalization of integer-order differentiation and integration. It began
more than 300 years ago when the notation for differentiation of non-integer order 1/2 was argued among Leibniz and
L’Hospital. Since then, fractional calculus has been grown step by step, is currently a very active research area of
mathematical analysis as attested by the huge number of publications [1,2,3,4,5].

Nowadays, smoking is one of the real medical issues on the planet. In excess of 5 million deaths in the world are
caused due to the effect of smoking in different organs of the human body. A shot of heart attack is 70% more in smokers
contrasted with the people who are not smoking. Smokers have a 10% higher rate of lung malignancy than that of non-
smokers. Bad breath, hypertension, coughing are the primary impacts of short-term smoking. Lately, mouth cancer, throat
malignancy, lung tumor, gum infection, coronary illness, stomach ulcers are the main threatening because of long-term
smoking. The life of smokers is 10 to 13 years shorter than that of non-smokers. Smoking kills numerous people in
their most active life as indicated by the reports of the World Health Organization (WHO). Each researcher, specialist
and mathematician attempts to control smoking for securing the future of individuals. To provide a better description of
cigarette smoking phenomena, mathematicians tried to make distinctive compelling smoking models.

Since 2000, a lot of efforts have been made by many researchers to understand the dynamics of smoking, in order to
predict the effect of smokers on society and decreasing the number of smokers. For example, the first model suggested
by Garsow et al. [6], in which they split a total population into three classes: potential smokers P(t), that is, people who
do not smoke yet but might become smokers in the future, smokers S(t), and quit smokers Q(t), that is, people who
have quit smoking forever. After that, many authors developed the form of this model, such as: Sharami and Gumel
[7], modified the basic model and explained a novel category of smokers named chain smokers, Zaman [8] derived and
extended a smoking model suggested by Garsow et al. taking into consideration the occasional smokers compartment and
showed its qualitative behaviour, Ertiirk et al. [9] studied a fractional giving up smoking model and obtain the analytic
approximate solution using a multi-step differential transform method, Zeb et al. [10] introduced a fractional smoking
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model in which they studied local and global stability of the model and its general solutions in which the interaction
between occasional and potential smokers occurs, Alkhudhari et al. [11] introduced the global dynamics of mathematical
equations characterizing smoking, Singh et al. [12] examined a fractional giving up smoking model associated with a new
fractional derivative with non-singular kernel, Haq et al. [13] studied a fractional giving up smoking model and find the
analytic approximate solution using Laplace Adomian decomposition method, Matintu [14] studied a smoking epidemic
model which analyzes the spread of smoking in a population and divided a total population into five population classes,
namely, potential, moderate, heavy, temporarily recovered, and permanently recovered class and many others.
Here, we study a modified model that describes a giving up smoking model and this model is developed as follows:

PO = N (1) — Bi(6)L(1)P(t) — (dy + )P (r) +TQ(1),
O = By ()L(1)P(1) — Ba(t)L(1)S(2) — (da + p)LI(2),
BO = By(e)L()S(r) — (v+d3 + w)S(0), 0
900 — yS(t) — (v+ da+ )Q(1),

WO = (b~ N(1) — (diP() + doL(t) + d3S (1) +daQ(1)),

with given initial condition

P(O) =mq, L(O) =my, S(O) =ms, Q(O) = my, N(O) = ms, (2)

where P(t), L(), S(¢), Q(¢) and N(z) indicate the numbers of potential smokers, light smokers, smokers, quit smokers
and total smokers at time ¢, respectively. Here, b is the birth rate, u is the natural death rate, y is the recovery rate from
smoking, B;(¢) and f3,(¢) are transmission coefficients, dy, d», d3 and d4 describes the death rates of potential, occasional,
smokers and quit smokers concerning smoking disease, respectively. Furthermore, 7 speaks to the rate at which a quitting
smoker turns into a potential smoker once more.

Now we present an extension of the system (1) which involves a Caputo fractional derivative on this system for any
arbitrary order & (where 0 < o < 1). The main purpose for this extension is the smoking model of integer order (1) does
not convey any data about the memory and learning component of the populace which influences the spread of sickness. It
is well known that the integer derivative is a local operator but the fractional order operator is non-local. This implies the
next state of the system of fractional order depends not only upon its current state but also upon all historical states. This
is more sensible, and the outcomes inferred of the fractional systems are more broad nature. Then, the smoking model in
the fractional order is given by

DyP(t) = bN(t) — Bi(r)L(t)P(1) — (di + )P(t) +70(1),

DYL(t) = Bi(1)L(1)P(1) — B2 (1) L(t)S(1) — (da+ W)L(1),

DYS(1) = Ba(r)L(1)S(1) — (y+ds+)S(1), 3)
DyO(t) = yS(r) — (t+da+p)Q(1),

DEN(t) = (b— u)N(t) — (d1P(t) + doL(t) + d3S(t) + dsQ(2)),

where CDlo‘ is the Caputo fractional derivative with respect to time of order o, with the use of initial conditions announced
in Eq.(2).

There are numerous methods are used to find the approximation solutions for differential equations. However, for
the fractional differential equations, there are only restricted methods, such as Laplace transform method, the homotopy
analysis method, the Fourier transform method, the iteration method, the homotopy perturbation method, and the Adomian
decomposition method. For the further detailed study, we indicate to see [15,16,17,18,19]. In most cases, the exact
analytical solutions for the nonlinear problem are very scarce and will resort to various numerical methods, but these
methods commonly requirement large computation work and have round-off error problems. For the sake of what has
been said previously, we introduce in this work a simple and easy technique called GMLEFM to find the analytical and
approximation solutions of linear and nonlinear fractional differential equations, whereas the most scientific problems and
phenomena are modeled by linear and nonlinear differential equations. It is necessary to mention that the motive or the
main objective of this work is used of the GMLFM for solving a fractional-order smoking model.

This paper is organized as follows. In the next Section, we present some basic concepts of fractional calculus
specifically pertinent to this work for understanding our main results are presented in this article, as these concepts are
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important to develop the main results. In Section 3, we define and formulate the generalized Mittag-Leffler function
method and this proposed method is applied to solve a smoking model of fractional order. In Section 4, we introduce
numerical simulations for the main results and illustrated it by graphics. Finally, in Section ?? presents some conclusions
of this research.

2 Some preliminaries in fractional calculus

Here, we present an audit of certain definitions and primer actualities which are especially applicable for the aftereffects
of this article. For extra detailed knowledge, we suggest seeing [20,21,22].

Definition 1. The Riemann-Liouville fractional integral of order o > 0 of a function f(¢), can be defined as

W2 f(t) = m./t:(t—r)“*'f(r)dr, 10>0, t > 1o,
Wl F(1) = f(1),

where I'(+) is the Euler gamma function.

Definition 2. The Caputo fractional derivative of a function f(r), of order o« > 0 is defined as

1 t
Cro _ _ =1 ¢(n) >
wDr f@) Tn—a) -/lo (t—7) FW(r)dt, 19 >0, t>to,

forn—1<a<n,neN. For0< a < 1, Caputo fractional derivative becomes

Crappy 1 ¢ fo)
WD f(t) = F(]—(X)/zo (t—‘c)“df7 10>0, t > 1.

The Caputo fractional derivative has advantages when trying to represent real-world phenomena with fractional
differential equations being the way that the fractional derivative of constants are zero.

Theorem 1. Considered f(¢) be a differentiable function in [fo,], & > 0. Then,

gDzaloItaf(t) = f(t),

n—1 _ k
WJEDEF) = 10~ X 19 (0)
k=0 '

For more details of fractional calculus, a reader can look up in the mention references before

Definition 3. The Mittag-Leffler function of two-parameter defined by

xn

Eqp(x)= n;)m, a,B >0, 4)

if B = 1, this function is indicated by Eo(+), and if a = B = 1 this function represent the exponential function.

3 Analyze the method and apply it to the smoking model

This section is dedicated to the proposed method used in the paper and is called GMLFM. This method suggests that x;(¢),
i=1,2,3,... are decomposed by an infinite series of components:

e tna

xi(t) = Eq(ait®) = Z af’F
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by using Caputo fractional derivative we have

c oo (nfl)oc
o . n
b x *Z:: "T((n—1a+1) ©)

The GMLFM has effectively demonstrated their proficiency as solutions of fractional order differential and integral
equations and consequently have turned out to be significant components of the fractional calculus theory and
applications [23,24], and the convergence of this method discussed in [25].

Now, we will explain how to solve system of nonlinear fractional differential equations (Smoking Dynamics System)
through the imposition of the generalized Mittag-Leffler function Eq(+). Let

a'he

P(t) = X0 Flras)

bntna

L(t) = X0 Fnar1)

d"l["la

(1) = X0 Tlnar) @)
o(t) = Yoo %7
b"t"a

N(1) = Yoo Foarn-

Applying Caputo fractional derivative for equations in (7) we obtain

ai(n—1a

CDlaP(t) - Z;zm:l T'((n—1)a+1)’

c oo pi(n=1)a
DFL(t) = Y1 FTar)

I n.(n—1)a
DIS(1) = Lot Fimar ®)

g

DO = Xy rnar

c e bi’[<"71)a
DIN(t) = Yot Fmnarn

By replacing from Egs. (7) and (8) in (3) we have

o n+ltmx b[
O:ZHZOIE(HTH by, 0Fnoz+l + B "1

Vl no ntna

(4 1) X0 Fngr1) — TXa=0 Flnor )

pnt 1 o

0= Yoo Foarny — Bilazoc" " + B2 Yoo cit™

+(d2+ 1) Yo r(br:écnin
(©))

art 1 o 4o

0 =Yoo foarn — B Yoot + (Y+ds+ W) X0 Tl

n+1 Y ntna

0= Yo Finarn) — Ym0 Faarny T (F+da+ 1) X0 Tt

bn+1 Y atne

w bl e
0= Zn:O T (na+1) (b .LL)Zn 0 F(n(gH»l (dl Zn 0 T'(no+1)

a [na

+d22n Oan(l)£+l +d32n Ol"dn(lirl +d42n 0me+l))
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where
n bk n—k n bkdn k
2:: T'ko+1)C(n—k)a+1)’ k:ZOF ko+1D)I((n—k)a+1)
From system (9) we have
0 =Y o(@t —bbi+Pic"I(no+ 1)+ (d + p)a" — Tai’)p(%il)v
0= Yo" = Bie"T(no+ 1) + oc T (ne+ 1) + (da + W)b") et
0 = £ o(d"! = Bocil(nou+ 1) + (y+ds + 1)d") iy, (10)
0=2%- O( A —yd"+ (T+d4+ﬂ)a'$)p(f,};+1)7
0 = X o (Bt — (b — )b+ (dia" + dob" + dsd" + da)) b
28 T /‘, 40F T
// W -—- RK4
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Fig. 1: Comparison between the results obtained by GMLFM and RK4 for P(¢), L(z), S(¢), Q(¢) and N(¢) with o = 1.
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Fig. 2: The proximate solutions obtained by GMLFM for P(t), L(¢), S(¢), O(t) and N(¢) with different values of a.

From system (10) we observe that impossible the variable t"* is equal zero, then the coefficients are equal zero. So, we
have

a"t = b — BT (nat+1) — (di + p)a" + ta’,

b+ = BT (noc+ 1) — Boc T (na+ 1) — (dy + )b,

A" = BT (na+ 1) — (y+ds + )", b
atl = yd" — (t+ds+ 1),

B = (b— u)b" — (dya" + dob" + dsd" + dya”).

‘We start with the initial conditions

0 0 0 0 0
a =nmy, b = nmy, d =m3, a, = ny, b*:mSa
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and, using the recurrence relation given in the system (11) we have
U= bms — Bimyma — (dy + p)my + tmy,
b' = Bimymy — Bamams — (da + p)mo,
d" = Bomams — (y-+ds + p)ms,
a, = ymz— (T+ds+ [1)ma,

bl = (b—p)ms —dymy — damy — dyms — dyma,

a” = b((b* [J)m5 fd]m] — dsz 7d3m3 — d4l’)’L4) — ﬁ]mz(bl’)’L5 — ﬁlmlmg

—(di + w)my + tmyg) — Pimy (Bimymy — Pomams — (da + W)my)
—(d1 +N)(bm5 — Bimymy — (dl +N)m1 + Tm4) + T(’)/M3 — (T+d4+u)m4),

b? = ﬁ1m2 (bms — ﬁlmlmz — (d1 + N)m1 + TM4) + ﬁ1m1 (ﬁlmlmz — ﬁ2m2m3
—(da+ p)ma) — Bama (Bomoms — (y+ds + )ms) — Bomz (Brmymy — Bamams

—(dy+ p)my) — (da + 1) (Bimimy — Bomomz — (do + p)ms),

d* = Bymy(Bamams — (Y+ds + p)ms) + Boms (Brmymy — Bymoyms — (da + p1)my)

—(y+ds+ p)(Bomoms — (y+ds + p)ms),

—(y+ds+p)ms) —da(yms — (T+ds+ p)my),
we can obtain the remaining terms similarly. Finally, by using the system (7) we obtain

t206 Ao

2 = Y(Bamomz — (Y+ds+p)mz) — (T+dg+ p)(yms — (T+ds + p1)my),

bz = (b* [J)((bf [J)m5 — dlm] 7d2m2 — d3l’)’L3 — d4m4) — dl (bm5 — ﬁlmlmg
7(d] +,LL)I’)’L] + ’L’m4) 7d2(ﬁlm]m2 - ﬁ2m2m3 - (d2+”)m2) -

d3(Bamams

P(t) = a’+a' F(a+l)+a Foarn T = Lam0 FinarT)

tUt
I'(o+1)

t2oc prna

L(t) = b +b! +b?

1o lZa

St) =d’+d'

20 ntnoc

oo T = Ln=0 Ty

2 o dnlna
o T4 ey T = Lo Flnaz1)

Ot) = ad + al iy @2 raar T = Enso Tl

[205 bn[nOC

0 1 « 2
N(t) = b2 +birgr +0

4 Numerical results and discussions

\TRar) T = Ln=0 Tlnat 1)

12)

In this section, we find numerical simulation of the considered problem (3), using values of the parameter: m; = 20,
=40, m3 = 60, mq = 80, ms = 200, d; = 0.33, d, = 0.44, d3 = 0.55, dy = 0.66, u = 0.05, b = 0.1, B; = 0.01,

B, =0.001, T=0.2, y = 0.99.

We presented in Figure 1 a comparison between solutions obtained by GMLFM and Runge-Kutta method for P(7),
L(t), S(t), O(tr) and N(r) using classical order oo = 1. The plain dotted line denotes the solutions of the system (3) by
GMLFM while the dashed line denotes the solutions of the same system by using Runge-Kutta method when o = 1.
From the graphical results, it can be seen that the results obtained using the GMLFM match the results of the Runge-Kutta
method very well, which infers that the introduced strategy can anticipate the conduct of these factors precisely for the

region under consideration.

Figure (2) represents the fractional-order solutions (different values of o) which obtained by GMLFM for P(t), L(t),
S(t), O(r) and N(t). From this representation in Fig.(2) , obviously, the solutions depend continuously on the fractional
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derivative o. It is obvious that the effectiveness of this methodology can be significantly improved by diminishing the
step size and computing further terms or further components for each variable.

5 Conclusion

This article concerns the fractional-order nonlinear system in which described the model giving up smoking, and its
approximate and analytical solutions are given by a GMLFM. The new generalization is based on the Caputo fractional
derivative. The solution obtained via GMLFM closely consents to those gotten by Runge-Kutta method. The numerical
simulation of the outcomes clarifies this strategy is an intense and proficient method for finding analytical solutions for
wide classes of fractional nonlinear systems.

References

[11 A. A. Kilbas, H. M. Srivastava and J. J. Trujillo, Theory and applications of fractional differential equations, North—-Holland
Mathematics Studies, 204, Elsevier Science B. V., Amsterdam, 2006.

[2] R. Magin, X. Feng and D. Baleanu, Solving the fractional order Bloch equation, Conc. Magn. Reson. A 34(1), 16-23 (2009).

[3] A. A.M. Arafa, S. Z. Rida and H. Mohamed, Approximate analytical solutions of Schnakenberg systems by homotopy analysis
method, Appl. Math. Mod. 36(10), 4789-4796 (2012).

[4] A.A.M. Arafa, S. Z. Rida and H. Mohamed, Homotopy analysis method for solving biological population model, Commun. Theor.
Phys. 56(5), 797-800 (2011).

[5] S.Z. Rida, A. A. M. Arafa and H. Mohamed, An application of the homotopy analysis method to the transient behavior of a
biochemical reaction model, Inf. Sci. Lett. 3(1), 29-33 (2014).

[6] C. C. Garsow, G. J. Salivia and A. R. Herrera, Mathematical models for the dynamics of tobacoo use, recovery and relapse,
Technical Report Series BU-1505-M, Cornell University, UK, (2000).

[7]1 O. Sharomi and A. B. Gumel, Curtailing smoking dynamics: a mathematical modeling approach, Appl. Math. Comput. 195, 475-
499 (2008).

[8] G.Zaman, Qualitative behavior of giving up smoking models, Bull. Malays. Math. Soc. 34, 403-415 (2011).

[9] V. S. Ertiirk, G. Zaman and S. Momani, A numeric—analytic method for approximating a giving up smoking model containing
fractional derivatives, Comput. Math. Appl. 64(10), 3065-3074 (2012).

[10] A. Zeb, 1. Chohan and G. Zaman, The homotopy analysis method for approximating of giving up smoking model in fractional
order, Appl. Math.3(8), 914-919 (2012).

[11] Z. Alkhudhari, S. Al-Sheikh and S. Al-Tuwairqi, Global dynamics of a mathematical model on smoking, Appl. Math. Article ID
847075, (2014).

[12] J. Singh, D. Kumar, M. Al Qurashi and D. Baleanu, A new fractional model for giving up smoking dynamics, Adv. Differ. Equ. 1,
88 (2017).

[13] F. Haq, K. Shah, G. ur Rahman and M. Shahzad, Numerical solution of fractional order smoking model via laplace Adomian
decomposition method, Alexandria Eng. J. 57(2), 1061-1069 (2018).

[14] S. A. Matintu, Smoking as epidemic: modeling and simulation study, Amer. J. Appl. Math. 5(1), 31-38 (2017).

[15]J. S. Duan, R. Rach, D. Baleanu and A. M. Wazwaz, A review of the Adomian decomposition method and its applications to
fractional differential equations, Commun. Fract. Calc. 3(2), 73-99 (2012).

[16] S. J. Liao, Beyond perturbation:introduction to the homotopy analysis method, Chapman Hall/CRC Press, Boca Raton, 2003.

[17] S. J. Johnston, H. Jafari, S. P. Moshokoa, V. M. Ariyan and D. Baleanu, Laplace homotopy perturbation method for Burgers
equation with space and time-fractional order, Open Phys. 14, 247-252 (2016).

[18] H. Jafari, M. Khalique and M. Nazari, Application of the Laplace decomposition method for solving linear and nonlinear fractional
diffusion-wave equations, Appl. Math. Lett. 24(11), 1799-1805 (2011).

[19] S. Kemple and H. Beyer,Global and causal solutions of fractional differential equations, in Transform Method and Special
Functions, Varna96, Proceding of the 2nd International Workshop (SCTP), Singapore, 1997.

[20] I. Podlubny, Fractional differential equations, Mathematics in Sciences and Engineering, 198, Academic Press, San Diego, 1999.

[21] S. G. Samko, A. A. Kilbas and O. I. Marichev, Fractional integrals and derivatives: theory and applications, Gordon and Breach
Science Publishers S. A., Yverdon, 1993.

[22] D. Baleanu, K. Diethelm, E. Scalas and J. J. Trujillo, Fractional calculus: models and numerical methods, Series on Complexity,
Nonlinearity and Chaos, Vol. 3, World Scientific Publishing Company, Singapore, New Jersey, London and Hong Kong, 2012.

[23] A. A. M. Arafa, S. Z. Rida, A. A. Mohammadein and H. M. Ali, Solving nonlinear fractional differential equation by generalized
Mittag-Leffler function method, Commun. Theor. Phys. 59(6), 661-663 (2013).

[24] A. A. M. Arafa, S. Z. Rida and H. M. Ali,Generalized Mittag-Leffler function method for solving Lorenz system, Int. J. Innov.
Appl. Stud. 3(1), 105-111 (2013).

[25] S. Z. Rida and A. A. M. Arafa, New method for solving linear fractional differential equations, Int. J. Differ. Equ. Article ID
847075, 8 pages (2011).

© 2019 NSP
Natural Sciences Publishing Cor.



	 Introduction, motivation and preliminaries
	 Some preliminaries in fractional calculus
	 Analyze the method and apply it to the smoking model
	 Numerical results and discussions 
	 Conclusion

