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Abstract: In this paper, a new kind of mathematical modeling is studied by providing a five-
compartmental system of differential equations with respect to new hybrid generalized fractal-
fractional derivatives. For the first time, we design a model of giving up smoking to analyze its
dynamical behaviors by considering two parameters of such generalized operators; i.e., fractal dimen-
sion and fractional order. We apply a special sub-category of increasing functions to investigate the
existence of solutions. Uniqueness property is derived by a standard method based on the Lipschitz
rule. After proving stability property, the equilibrium points are obtained and asymptotically stable
solutions are studied. Finally, we illustrate all analytical results and findings via numerical algorithms
and graphs obtained by Lagrangian piece-wise interpolation, and discuss all behaviors of the relevant
solutions in the fractal-fractional system.

Keywords: hybrid fractal-fractional derivative; smoking model; approximate solution; stability;
sensitivity analysis; Lagrangian piece-wise interpolation
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1. Introduction

Smoking has always been one of the known causes of many human diseases, which
threatens the physical health of a large part of the world’s population (both smokers and
non-smokers). The impact of tobacco abuse, especially cigarettes, on different parts of the
human body can be seen so clearly that one of its primary effects is the death of more
than 5,000,000 people per year. If we want to make a comparison between smokers and
non-smokers, we can refer to the results of medical reports in hospitals around the world,
in which the rate of heart attacks and the prevalence of lung cancer in smokers compared
to non-smokers are more than 70% and 10%, respectively. Even based on the reports of
WHO, the lifespan of non-smokers has been reported to be 10 to 13 years longer than that
of smokers. Smoking in the short term can cause bad breath, yellowing of teeth, wrinkled
skin, persistent cough, and high blood pressure. In the long term, this bad habit causes
dangerous diseases such as stomach ulcers, heart diseases and cancers such as lung, mouth
and gums, and throat.
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Due to the widespread use of tobacco among teenagers and even children, every year
the World Health Organization requests researchers and doctors to study its effects on
people’s health and present the results in the form of detailed reports and charts and tables.
Recently, using the data and numerical results of such studies, researchers have done
mathematical modeling of the process of smoking in various statistical societies, and using
mathematical algorithms and computer calculations, they are trying to provide methods
to control and optimize the outputs. In this direction, researchers turned to mathematical
tools and models, and tried to simulate the dynamics of processes and phenomena with the
help of differential equations (ordinary and partial) and to get accurate solutions by solving
them. Zaman [1] in 2011 designed a model of giving up smoking and analyzed the system
qualitatively. In 2008, Sharomi et al. [2] proposed a system of curtailing smoking in the form
of four differential equations and investigated stable and unstable solutions. After that,
Alkhudhari et al. [3] suggested a four-compartmental system of smoking and checked the
effect of smokers on temporary quitters based on the equlibrium criteria. Rahman et al. [4]
studied an age-structured model of giving up smoking and conducted an optimal analysis.
In addition, in another work, Rahman et al. [5] extended their model of giving up smoking
by considering the harmonic mean incidence rate. Other full studies can be found in this
regard such as Refs. [6,7].

Due to the weakness of classical operators, generalized fractional operators (Caputo—
Fabrizio [8] and Atangana-Baleanu [9]) quickly attracted the attention of many researchers.
The non-locality property of the new operators along with their memory property nar-
rowed the field to classical operators such as Riemann-Liouville and Caputo [10]. Of
course, there were still those who used classical operators for their modeling to study the
dynamics of smoking. For instances, Erturk et al. [11] constructed a five-compartmental
fractional giving up smoking model (based on the standard model [12]) via the singular
Caputo derivative, and by using the MSGDT method, derived the approximate solutions
and lastly, compared their results with the data obtained by the Runge-Kutta algorithm.
Zeb et al. [13] gave another fractional model of such a phenomena and analyzed it via the
HAM technique. Finally, the giving up smoking and smoking cessation models have been
evaluated with various parameters and control tools in different mathematical models with
new nonsingular operators, among which we can refer to the research articles published in
Refs. [14-16].

More recently, another class of hybrid two-parametric operators was given by Atan-
gaga, for which we can derive more accurate numerical outputs in comparison to both
fractional and integer-order operators [17,18]. Due to the effect of fractal dimension and
fractional order in the final result, these operators are called “Fractal-Fractional Operators".
In the structure of these operators, the role of fractal derivative is essential, and by consid-
ering the kernels, these operators divide into three types called the Power law, exponential
decay law, and generalized Mittag-Leffler law-type fractal-fractional operators. For more
information, one can refer to [17,18]. The effectiveness and efficiency of new operators in
obtaining accurate results can be seen in a large number of relevant studies [19-29].

To state the contribution of our work, as we said above, we know that the classical
standard time-derivatives are local operators and have some weaknesses in the prediction
of the dynamics of a phenomenon. Even a well-known fractional derivative such as the
Caputo-Liouville has its own limitations. Since its kernel has a weak memory effect in
comparison to the newly-defined fractal-fractional derivatives, this type of derivative
cannot precisely describe the full effect of the memory. Hence, due to the strong memory
effect, complex dynamics, and non-locality of the generalized hybrid fractal-fractional
operators, our main objective in the present research is to use the novel two-parametric
power-law type (27, 25)-fractal-fractional derivative to model the giving up smoking
efficiently. In addition, dynamics of the supposed fractal-fractional model is predicted by a
numerical scheme with respect to two fractional and fractal parameters continuously for
which we can analyze some behaviors of the system accurately.
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The rest of the paper is organized as follows. Section 2 deals with preliminaries and
Section 3 describes the extended model. Mathematical analysis is carried out in Section 4,
whereas in Section 6, the numerical simulations are done based on the algorithms derived
in Section 5. Section 7 concludes the paper.

2. Preliminaries

In this section, we recall some basic definitions and theorems about fixed point theory
and fractal-fractional calculus that are needed in the sequel.
Let @ denotes a family of non-decreasing functions ¢ : [0,00) — [0, 00) such that

i P (t) < oo, YVt >0,

m=1

and
p(t) <t, Vt>0.

Definition 1 ([30]). Let X be a metric space, { : X?> — RT U {0}, and V : X — X be a selfmap.
(1) Vs called p-¢p-contraction if for each z1,zp € X,

P(z1,22)d(Vz1, Vz2) < ¢(d(z1,22)),

where d denotes the metric function.
(2) Vs called W-admissible if P(z1,2z2) > 1 gives Pp(Vz1,Vzy) > 1.

Now, we will state two theorems in relation to the existence of a fixed point for such
special contractions, which is used in the following sections.

Theorem 1 ([30]). Assume that (X, d) is a complete metric space, p : X x X — R, ¢ € O, and

V: X — X is an p-¢p-contraction such that

(1) Vs Y-admissible;

(2)  Thereis zy € X such that {(zg, Vzo) > 1;

(3)  For every sequence {z,} in X with z, — z and Y(z,,2,4+1) > 1 for all n > 1, we have
Y(zn,z) > 1foralln > 1.

Then, V has at least a fixed point.

In addition, the following theorem is another theorem that is used for existence results
in the sequel.

Theorem 2 (Leray-Schauder [31]). Assume that X is a Banach space, A is a convex, bounded
and closed set in X, G is an open subset of A such that 0 € G, and Y : G — A is a compact and
continuous map. Then either:

(i)  Thereis z € G such that Y (z) = z, or;

(i) Therearez € oG and a € (0,1) so that z = aY(z).

Now, we recall fractal-fractional operators.
Definition 2 ([17]). Let a,b € R with a < b. Assume that a continuous real-valued function V is

a fractal differentiable on (a, b) from the dimension sz,. Then the power-law type (311, 3¢ )-fractal-
fractional derivative of V in the Riemann—Liouville sense is defined by

, 1 d t
FFP 31,50 _ _ )l - <
OV = oy o / (t—u) V()du, (n1—1< s, <neN),
dV(u) V() —V(u) . L
where t € (a,b) and v limg sy, “on —a is the fractal derivative.
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If 50 = 1, then FW@Z{”Q reduces to the Riemann-Liouville fractional derivative

RLVD* of order ;.
a,t 1

Definition 3 ([17]). Leta, b € Rwitha < b. Assume that the real-valued function V is continuous
on (a,b). The power-law type (3¢, 32 )-fractal-fractional integral of V is defined by

t
]FFPJZ{’%ZV(O - / w2 e —u) 1Y (u) du, 1)

I'(a) Ja
where t € (a,b).

3. Description of the Giving up Smoking Model

This section is devoted to introducing a new generalized version of the giving up
smoking model conducted by Singh, Kumar, Al Qurashi, and Baleanu in [14]. The total
population in this model is illustrated by N (t) at every time t € [0, T]. This general class
N (t) is divided into five subclasses; i.e., we have three types of smokers, such as potential,
occasional, and heavy smokers denoted by P(t), O(t) and #(t), respectively. In addition,
we have two other groups such as temporary quitters denoted by Q(t) and those smokers
who quit permanently denoted by R (t). Therefore, N (t) = P(t) + O(t) + H(t) + Q(t) +
R(t). By the above assumptions, the mentioned model is designed by:

dP(t) _

- =V 0P —wP(HO(),

d(sz) — _80(1) + WP()O(t) — YO H(L),

dZit) = (=(0+0) +yO(t))H(t) + (1), ®
dit(") = —(04+0)Q(t) +0(1 — q)H(t),

dZEt) — —OR(t) + qOH(1).

In view of the widespread use of tobacco among teenagers and children coupled
with the weakness of classical and generalized fractional operators in description of such
phenomena, by considering the effect of fractal dimension and fractional order in the
final result on modeling dynamical systems, the above model is extended by replacing
the classical time-derivative with the generalized new hybrid (3¢, »r)-fractal-fractional
derivative as follows

FEEDI2P(1) = v — 8P(t) — wP(HO(Y),
FEDIO() = —00(1) + wP(HO(t) — YO(OH(Y),
PRV 2H(E) = (—(9+6) +70())H(H) + (1), ®G)

FFDGQ() = —(0+2)Q(t) +0(1 — H(Y),

PRI R(Y) = —OR(t) + q0H (1),
subject to initial conditions
P0) =Py >0, O0)=0p>0, H(0)="Ho>0,

Q(0)=Qp >0, R(0) =Ry >0,
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where
€ (0,1].
In (3), we have some non-negative parameters that we here aim to introduce:

FFPDX172 is the power-law type (1, 3 )-fractal-fractional derivative with s, 50

(1) w: the contact rate between the potential smokers and smokers who smoke occasionally;
(2)  7: the rate of contact between occasional smokers and heavy smokers;

(3)  (: the rate at which temporary quitters return back to smoking;

(4) ©: the rate of natural death;

(5) 0: the rate of giving up smoking;

(6) (1 —g): (at arate 0) the fraction of smokers who temporarily give up smoking;

(7)  g: (at a rate 0) the remaining fraction of smokers who give up smoking forever;

(8) wv: the rate of becoming a potential smoker.

The main point of difference of our contribution about the model derived in Ref. [14]
is that the first equation in Ref. [14] is somehow confusing and ineffective. Therefore, one
of our major contributions is to modify it with the constant influx of potential smokers.

4. Mathematical Analysis

In this section, the existence of unique solution, stability analysis for the fractal-
fractional operator, equilibrium point, sensitivity analysis and asymptotic stability analysis
are carried out.

4.1. Existence of Solutions

In real cases, the existence of such dynamical systems is an important question before
every analysis and simulation. To answer such a question, we apply fixed point theory. We
guarantee this existence in this section. For conducting a qualitative analysis, we consider
the Banach space X = U®, where U = C(J,R), and the norm

1Al = 11(P,O,H, QR)llx =max {[P(t)| + O]+ [H(t)| + |QH) + [R(H)] : teT}.

At first, the model (3) can be rewritten by follows

—wP(HO(),

—80(t) + WP () O(t) — YO(OH (1),

—(0+0) + yO()H(t) +TO(Y), 4)
—(0+20)Q(t) +6(1—q)H(t),

( (1))
( (1))
Vi (4, P(t), O(t), H(t), (1)
( (1)
( (1)

—OR(t) + q0H(t).
Hence, it becomes
BLVDIAP (1) = sat2 Vi (4 P(1), Ot

ELVDFO(t) = st2 W (4, P(1), O(1)

RLVDI Q(t) = s0t2 1V, (1, P(1), O(1)

( )
( )
RLVDIH (1) = st2 V3 (4, P (1), O(4), H(1), Q(1), R(1)), ()
( )
( )

BLVDIR(t) = st2 Vs (4, P(1), O(t
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By (5), we can write a mini-compact system of IVPs (3) as

BLVDIA(Y) = s0t2 V(L A(Y), 4,0 € (0,1],
{A(O) = Ao, ©
where
A(D) = (P(1),0(8), H(1), Q(1), R(1), Ao = (Po, 0o, Ho, Q,Ro)',  (7)
and

( )
( )

V(L A®Y) = < Va(t, P(1), O(t), H(t), Q(t), R(1)), (8)
( )

Vs (t, P(t), O(t), H(t), Q(t), R(1)).

By properties of the hybrid (s, 2)-fractal-fractional integral, the solution of the
mini-compact system of IVP (6) is given by

0
F(J{l) .

A(t) = A(0) + /; w2 (t—u) 7Y (u, A(u)) du. 9)

Now, we extend the above compact (s, 31 )-fractal-fractional integral equation to a
system of (s, 25 )-fractal-fractional integral equations as

P(t) =Po+ % /0t w2 (e —u) 7Y (u, P (), O(u), H(u), Q(u), R(u)) du,

O(t) = Op + % /Ot w2 (t—u) 171, (1, P(u), O(u), H(u), Q(u), R(u)) du,
H(t) = Ho + F(%Ji) /()tu“fl(t — )17V (u, P(u), O(u), H(u), Q(u), R(u)) du, (10)

Q(t) = Qo+ % /0t w2 (¢ — u)”1_1V4(u,77(u),O(u),’H(u), Q(u), R(u)) du,

R(t) =Ro+ % /O tuﬂrl(t —u) 17 W5 (1, P(u), O(u), H(u), Q(u), R(u)) du.
Our aim in this step is to transform the problem (3) into a fixed point problem. Define

y: X = Xby
= 72 ‘ 27t —uw) 1V (u, A(u)) du

VA©) = AO)+ s [T () TV (u, Afw) d, an

foreacht € Jand A € &.

Theorem 3. Therearek : R xR — R, V € C(J x X, X) and an increasing function ¢ € ®
such that

($1) forany Ay, Ay € X and t € J,

V(6 A1(1) = V(6 A2(8)| < 0p(|A1(1) — Az(1)]),
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T (50 + 31)
T%2+741—1I’(%2 -+ 1) ,and K(Al(t)rAZ(t)) > 0.

($92) There is Ag € X such that forall t € J,

where 6 =

K(Ao(t), Y (Ao(t)) >0,

and the inequality
k(A1(t), Ax(t)) >0,

implies that
r(V(A1(8), V(A1) = 0,

forany A, Ay € X and t € J.
($3) For every sequence { Ay }n>1 in X converging to A and for each t € J,

K (An(t), Aura(t)) 20,

gives
k(An(t), A(t)) > 0.

Then, there is at least a solution for the fractal-fractional hybrid model of giving up smoking (3).

Proof. Let Aq and A, belong to X with k(A1 (t), Ax(t)) > 0 for each t € J. In this case, the
Euler Beta function gives

V(A1) =Y (A2()| < F(%le) /Otu”rl(t—u)”171|V(u,A1(u)) =V (u, Ax(u))|du
< 2 [ () - At e
< %25¢(||I{\(;1—)A2||X) /Otu}‘z_l(tfu)”l_ldu
2 s+ —1 09, ¢
< 2(5T 1-,<%ll)3( 2 1)4)(”/\1 _AZHX)
= ¢(IlA1—A2lx).

Thus,
[V(A1) = V(A2) |, < ¢(l[A1 = A2 x).

Now, for each A1, Ay € X, we define a function ¢ : X x X — [0, +0c0) as

1 if x(Aq(t), A2(t)) >0,
(A1, N2) =
0 otherwise,
Then, for every A1, Ay € X, we will obtain
4’(/\1/ AZ)d(y(Al)/ y(AZ)) S (P(d(Al/AZ))

Hence, ) is an ip — ¢—contraction. To show that ) is p—admissible, let A1, Ay € X
be arbitrary with (A1, A) > 1. From property of ¢, it yields

K (Al (’t), AV (’L)) > 0.
Then, the condition ($,) gives

r(Y (A1), V(A1) = 0.
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Once again, by property of ¢, we follow that (Y (A1), Y (Az2)) > 1. Therefore, Y is
tp—admissible on X.
The condition ($);) ensures the existence of Ay € X, which satisfies

K(Ao(t), Y (Ao(t)) >0,

for each t € J. Evidently, (Ao, Y (Ao)) > 1,

Now, suppose that {A, },,>1 is a sequence defined in X" converging to A and for all
n>1,9(Ay, Ays1) > 1. From the property of ¢, we obtain

K(An(t), Apsa(t)) > 0.
Thus, the condition (€3) gives us that
k(An(t), A(t)) > 0.

This implies (A, A) > 1 for all n > 1. Thus the item (3) of Theorem 1 is valid.
Therefore, Theorem 1 is valid. In consequence, ) has a fixed point A* € X. Hence
A* = (P*, 0%, H*, Q*,R*)T is a solution of the fractal-fractional model of giving up
smoking (3). O

Theorem 4. Let V € C(J x X, X).
(D1) There are K € L'(J, [0, +00)) and an increasing function B € C([0,+c0), (0, +00))
provided that
|B(t, A(t))| < K(t)B(|A(t)]), Vtel, and A€ X;

(Dy) Thereis b > 0 such that

T%Z-I-%l—lr(%z + 1)

b> A
ot T (50 + 1)

KyB(b), (12)

where K = sup [K(t)|.
te]
Then, there is a solution for the fractal-fractional model of giving up smoking (3).
Proof. To complete the proof, we consider ) defined in (11), and the closed ball
Ny={AeX: ||A|lx <L}

The continuity of V implies that of ). Now, by (D7) and for A € N, we estimate

PAO)] < MO+ [ e Vs A) lde

< Ag+ 2 /Otu’{z’l(t—u)”l’lK(u)B(\A(u)Ddu

[(5a)
0 T2 1B (509, 3¢1)
< Ap+ KB (]| A
0 r(”fl) 0 (” ||X)
T%2+%]flr 1
< Ao+ G+ 1) kg ),

I'(50 4 ) 0
Consequently, we get

T2 71T (50, + 1)

Ally < Ao+
VAl < Ao+ 2

KEB(L) < +oo. (13)
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Y(a) - (aw)] - |

Thus, Y is uniformly bounded on X. Next, we choose arbitrarily t, 7 € [0, T| with
t<tand A € N;. By

Vi= sup [V(LA(1))] < +oo,
(t,A)GJXNL
we find
2 t %271 _ 74171
) /o w2 (t—u)1 7V (u, Au))du

%2 t %2—1 %1—1
— — A
e /0 w2 (t—w) 1Y (u, A(u))du
2wy V* T o1 -1 /t m—1 -1
< 27 2 _ 1 _ 2 _ 1
< Toa) /0 w27 (t—u) du v (t—u) du
< 0 V*B(52p, 5¢1) (T%2+%1—1 o t%ﬁ-}q—l)
I’(%l)
V*T(%z + 1) 2+ —1 2+ —1
Yy r\7z2T 1) s+ or _ ygmtor . 14
oD (v ¢ ) (14)

Note that from the above computations, the right-hand side of (14) is not dependent
on A and also converges to 0 as t — 7. So

1¥(A(T)) = Y(AO)llx =0,

as t — 7, which shows the equicontinuity of V. By referring to the Arzela—Ascoli theorem,
Y is compact on N. Now, Theorem 2 is valid on ). We have one of the consequences (i)
or (ii). We know that from (D), there exists b > 0 such that

T%z-’r%l—ll"(%Z + 1)

Ao+
0 T30+ )

K;B(b) < b. (15)
Then, we consider
G={A€X: |Alx <D}
By assuming the existence of A € dG and & € (0,1) such that A = aY(A), we
can write
T2 71T (50, + 1)
I(502 4 741)

b= [[Allx = alYAllx < Ao+ KiB(llA]x)

T72171T (30, + 1)
I'(30 + 1)

< Ao+ KyB(b) < b,

by (15). However, this is impossible. Thus (ii) does not hold and by Theorem 2, ) has a
fixed point in G which is considered as a solution of the fractal-fractional model of giving
up smoking (3). O

4.2. Unique Solution

To prove the uniqueness of the solution in the model of giving up smoking (3), we use
the Lipschitz property under the functions V;, (i = 1, ...5) defined by (4).

Lemma 1. Let the functions P, O, H, Q, R, P*, O*, H*, Q*, R* € U = C(J,R) and assume that
(P P < 7 IO < 72, [I1HI < 93, (12 < 14 (IRl < ¥5 for some positive constants

Y1, 72, Y3, Y4, V5
Then, the functions Vy, Vs, V3, V4, Vs defined by (4) satisfy the Lipschitz property with respect
to the corresponding components if

0 =0+wy, b =0+wy+773
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B3=0+0+772, =0+ =71 (16)

Proof. We begin with function V;. For other solution functions, the proof is similar. For
any functions P, P* € U = C(J,R), we get

V16 P (1), O(), 1(1), Q(1), R(1)) = Vi (t, P (1), O (1), 1" (1), Q" (1), R* (1)) |
= ||(8—=9Pt) —wP(t)O(t)) — (8 — IP*(t) — wP* () O(1)) |
(8 + @[ OWIN|[P®) - P (1)]
(8 + w2} [[P(6) = P*(1)||
&||P(t) = P*(1)]]-

INIA

This shows that V) is a Lipschitz function with respect to P with the Lipschitz constant
61 > 0. By continuing similar proofs, we see that the functions V;, V3, V4, Vs are Lipschitiz
with respect to the corresponding components with the Lipschitz constants ,, d3, d4, J5 > 0,
respectively. [

Theorem 5. By considering the condition (P1), the fractal-fractional model of giving up smok-
ing (3) has a unique solution if

T 71T (30 + 1)
T'(50 + 521)

6i<1, ief1,...,5} (17)

Proof. Let us consider the fact that the conclusion is not to be held. That is, there exists an-
other solution. Assume that (P*, 0%, H*, Q*, R*) is another solution with initial condition
(Po, O, Ho, Qo, Ro) such that by (10), we have

2

[(5)

O*(t) = Oo+% /Otuw*(t—u>%l*lvz<u,7>*<u>,0*<u>,H*<u>,Q*(umz*(u))du,

Pt) = Po+ /Ot w2 (t—w) 1Yy (u, P (i), OF (), H* (u), O (1), R*(u)) du,

He () = 7—L0+% /O tu}‘rl(t—u)”1_1V3(u,73*(u),O*(u),H*(u),Q*(u),R*(u))du,

Q*(t) = QO + %}:) '/Ot uﬂz—l(t — u)%1—1V4 (u, P* (u), O*(u), H* (u), Q* (u),R* (u)) du,
R*(t) = Ro+ % /Ot w2 (t— ) Vs (1, PH (), 0% (u), H* (u), Q*(u), R* (1)) du.

Now, we can estimate

v
['(5a)

—Vi (1, P*(u), O* (u), H*(u), Q" (u), R*(u)) ’ du

|P(t) —P*(t)| < /(;t w2 (g —y)al ‘V1 (u, P(u), O(u), H(u), Qu), R(u))

0 * ¢ wy—1 x—1

< 2 _ 2 _ 1

< 1"(%1)51“7) P H/O w2 (t—u) du
s+ —1

I'(5n + o)
This gives
T 71T (5 + 1

1—
T(5 + 1)

)&MP—PW<Q
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Then from (17), it follows that ||P — P*|| = 0, and accordingly P = P*. Similarly,
we get

|:1 B T%fr}qflr(%z 4 1)

Gt lo-0l <o

which gives that |0 — O*|| = 0, and so O = O*. By the same arguments, we obtain

|:1 B T%2+%171r(%2 4 1)

_H*| <.
I'(50 4 ) 53} [ =0

Therefore,

. In a similar way, we immediately get

|:1 B T%2+%1711"(%2 4 1)

oty le- o' <o

and

|:1 B T%2+74171r(%2 4 1)

_R*|| <
I'(50 4 ) (5SMR Ril=o

The last two inequalities give H Q- o H =0and ||R —R* H = 0, respectively. Thus,
Q = Q* and R = R*. Consequently, we find that

(Pl O’ Hf Ql R) - (P*I O*I H*/ Q*/R*)'

This shows that the fractal-fractional model of giving up smoking (3) has a unique
solution. [J

4.3. Stability Criterion

In this section, we aim to study the stability property based on the definition of Ulam-
Hyers. This definition has applicable significance since it states that if we are studying an
Ulam-Hyers stable system then we do not have to obtain the exact solution. Therefore,
by proving the stability of the solutions of the given system, we can confidently focus on
its approximate solutions in the next sections. More precisely, we are here to study the
stability property for solutions of the fractal-fractional model of giving up smoking (3). The
main focus is on the Ulam-Hyers and Ulam-Hyers—Rassias stability. For more information,
we refer to Refs. [32,33].

Definition 4. The fractal-fractional model of of giving up smoking (3) is Ulam—Hyers stable
if there are real constants My, > 0,i € {1,...,5} such that for all L; > 0 and for all
(P*, 0%, H*, Q*, R*) € X satisfying

FEE DD (1) — Vy (1, P (1), 0% (1), HO (1), (0, R* (1)

(1), 7 (1), Q7 (1), R* (1)

( )| < Ly,
(4P )

FEPQE2H* (1) — V3 (8, P* (1), O (1), H* (1), Q*(1), R* (1)) | < Ls, (18)
( )
( )

IF]F]P’@M 10 O* VZ < L2/

IF]FIP@”l 722 Q* —Vult, ’P* ) *(t), o* (’(),R*(t) < Ly,

]F]F[P’@”fl KZR* V5 t, 7)* ) ( ) Q*( ) *( ) < LS/
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thereis (P, O, H,Q, R) € X satisfying the fractal-fractional hybrid model of giving up smoking (3)
such that

Pr(t) = P(4)] < My, Ly,

O*(f) — O(’L) < MVZLZ/

H*(t) = H ()| < My, Ls, (19)

Q*(t) — Q)| < My, Ly,

R*(t) —R(t)| < My, Ls, Vtel.

Definition 5. The fractal-fractional model of giving up smoking (3) is generalized Ulam—Hyers
stable if there are real constants My, € C(RT,R"), (i € {1,...,5}) with M)y, (0) = 0 such that
forall L; > 0 and for all (P*,0*, H*, Q*,R*) € X satzsfyzng (18), there is (73 O,H,QR) e
X as a solution of the fractal-fractional hybrid model of giving up smoking (3) such that

P(t) = P()] < My, (L), 0%(6) = O(V)] < My, (L),
[H7(6) = (0| < My, (L), |27 (1) - ()] < My, (La),
‘R*(t) - R(t)‘ < My.(Ls), Vtel.
Note that Definition 4 is obtained from Definition 5.
Remark 1. Notice that (P*,O*,H*, Q*, R*) € X is called a solution for inequalities (4) if and
only if there are hy, hy, b3, ha, hs € C([0, T],R) (depending on P*, O*, H*, Q*, R*, respectively)
so that for each t € J,

(i) (Y] <L, (ie{1,...,5}),
(ii) We have

FEEQA 2P (1) = Vy (1, P* (1), O*(t), H* (1), Q (1) + Ayt
FEDI2 0 (1) = Vo (4, P* (1), OF (1), H* (1), Q () + ha(t)
FEPDI29L% () = V3 (1, P*(t), O* (1), H* (1), Q% (1), R* (1)) + ha(t)
FEDI2Q* (1) = Vy(t, P*(1), O* (1), H* (1), Q () + ha(t)
QAR () = (1, P (0,0 (0, H(0, (), R*(0) +

Definition 6. The fractal-fractional model of giving up smoking (3) is Ulam—Hyers—Rassias stable
with respect to the functions B;, (i € {1,...,5}), if there are constants 0 < My, g € R so that

for each L; > 0 and for each (P*, 0, H*, Q*, R*) € X satisfying
FEPDIL7 2P (1) — Vi (1, P* (1), O (1), H* (1), Q*(1), R* (1)) | < L1 (1),
FEPDIV2 O (6) — Vo (6, P (1), 0% (1), H* (1), Q* (), R* (1)) | < Lafa(t),
FIEDGAH () = Va (6, PH(1), O (1), H* (1), Q*(1), R*(1)) | < Laps(t), (20)
( )
( )

FEPDI2 Q7 () — Va(t, P (1), O (1), H* (1), Q* (1), R* (1)) | < Lapa(t),

< L5,B5(t),

IF]F]P’@Vl 2R*(t) — Vs (t, P*(t), O*(t), H* (), Q* (1), R*(¢)
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there is (P,O,H, Q,R) € X satisfying the fractaional-fractal hybrid model of giving up smok-

ing (3) such that

Pr(t) = P(1)
O (1) = O(t)
H*(t) — H(H)
Q*(t) — Q(t)
R*(t) — R(t)

< LiMy, ,)B1 (1),
< LMy, g,) B2(t),
< LsMy, ,)B3(1),
< LsMy, p,)Ba(t),

< L5M(V5’/35)‘B5(’£), Vte J.

Definition 7. The fractal-fractional model of giving up smoking (3) is generalized Ulam—Hyers—

Rassias stable with respect to B;, (i € {1,...

for each (P*, 0%, H*, Q*, R*) € X satisfying

thereis (P, O, H,Q, R) € X satisfying the fractal-fractional hybrid model of giving up smoking (3)

such that

]F]FIP’@”] %2'P*
IFIF]P’@”I e} O*
FFP@”’I %ZH*

IFIFIP’@”I ez} Q*

]FFIP’@%I 02 R*

V(4 PH(t

(
— Vo (t, P*(t
—Vs(t, P
— Vit P*(t
(

—Vs(t, P*(t

Pr(t) = P(t)
O (t) - O()
H*(t) — H(t)
Q" () — QY
R*(t) = R(Y)

(0,75 (1), Q* (1), R* (1)) | < Ba (W),
O* (1), H* (1), Q*(1), R*(1))| < Pa(t),
(0,7 (1), Q°(1), R* (1)) | < Ba(b),
(0,15 (1), Q% (1), R* (1)) | < Ba(t),
O* (1), H* (1), Q°(8), R*(1))| < Bs(t),

‘ < My, g)B1(1),
‘ < My, g,)B2(t),
’ < My, g,)B3(t),
‘ < My, p,)Ba(t),

‘ S M(stﬁS)'B5(t)’ vt

,5}), if there are constants 0 < My, 4.y € R so that

el

Remark 2. Notice that (P*,0*, H*, Q*, R*) € Xis called a solution for inequalities (5) if and

only if there are hy, hy, ha, hy, hs € C([0, T], R
such that for each t € J,

)| < LiBi(t), (ie{1,...,5

(i) [fu(t
(ii) We have

FFIP’@%I ’fzfp*
FFPQ%I e} O*
FFP@"‘] "‘ZH*
]F]FIP’@”] ez Q*

FFP@”] 102 R*

1,

) (depending on P*, O*, H*, Q*, R*, respectively)

= Vi (t, P*(t), O*(t), H*(¢), Q (1) + h(t
=V (t, P*(t), O*(t), H*(t), Q () + ha(t)
(t) = V3(t, P*(t), O*(t), H*(t), Q () +7a(t)
=Vu(t, P*(t), O*(1), H*(t), Q (1)) + ()
= Vs(t, P*(t), O*(t), H*(t), Q (1) + hs(t
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Theorem 6. If the condition (Py) holds, then the fractal-fractional model of giving up smoking (3)
is Ulam—Hyers and generalized Ulam—Hyers stable such that

T%z-i—%l—lr(%z + 1)
T (30 + 31)

5 <1, ie{1,...,5},
where 6;'s are defined by (16).
Proof. Let L; > 0 and P* € U be arbitrary so that
PRI 2P (1) — V1 (4, P*(1), O* (1), H* (1), Q*(t), R* (t))‘ < L.
Then, in view of Remark 1, we can find a function £ (t) satisfying

FEEDIIP (1) = Vit P (1), 07 (1), H' (1), Q°(1), R* (1)) + fu (),

with |1 (t)| < Lq. It follows that

P (t) = Po+r(%}i1)/Otu%z—l(t—u)%1—1V1(u,’P*(u),(’)*(u),’}—[*(u), Q*(u), R*(u)) du

v
[(5)

t
/ w21 u) 1y (u) du.
0

By using Theorem 5, let P € U be a unique solution of the fractal-fractional model of
giving up smoking (3). Then P(t) is given by

P(t) =Po+ % /0 (= wyaly, (u, P (), O(u), H(u), Q(u), R (u)) du.

Then

[P*(t) = P(1)]

IN

2 t -1 2 —1
u t—u)™
Ty Jy v )

x| Vi(u, P*(u), 0% (u), H*(u), Q" (u), R*(u))
V1 (u, P(u), O(u), H(u), Q(u), R(u)) | du

+ 2
I'(5e1)

t
w0 i )]
0

T%2+%1—1r(%2 + 1
[0+ 511)

T%2+%1—1I"(%2 + 1)
T(500 + 511)

L, |~ P + .
Hence, we get

T2 71T (5, + 1)
s+ 21) — T2 1T (3 + 1)07

PPl <

T”2+”1*11“(%2 4 1)

F(%2 + %1) — T”Z'H{l_ll—'(%z + 1)51
My, Lq. Again, we find that

If we let My, = , then we obtain ||P* — P|| <

|07 = Of| <My, Ly, [ H" = H[| < My;Ls, [|Q" = Qf < My, Ly,
IR* = R| < My,Ls,
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where

T”2+”1*1F(%2 4 1)
My, = , (1e{2,...,5}).
Vi 1—'(%2 + %1) — T%2+”1*11"(%2 + 1)51' (l < { }>

Thus, the Ulam-Hyers stability of the fractal-fractional model of giving up smoking (3)
is fulfilled. Now, set

sy 401 —1 .
My (L) = T I (55 +1)L;

[ 1,... .
(L T30+ 501) — T2 1T (35 + 1)5;” (ie{l,...,5})

Thus, My, (0) = 0. Hence, the generalized Ulam-Hyers stability is satisfied for the
mentioned model (3). O

Theorem 7. Assume that the condition (P ) holds and,
(P2) There are increasing functions p; € C([0,T],R) and Qp, > 0 (i € {1,...,5}) such
that for each t € J,

FERST 2 Bi(4) < Qg Bi(t), (i€ {1,...,5}). (21)

Then, the fractal-fractional model of giving up smoking (3) is Ulam-Hyers—Rassias and
generalized Ulam—Hyers—Rassias stable.

Proof. For each constant L; > 0 and for each P* € U satisfying
TP (6) = V(6P (6), O (6), 1 (1), Q7 (), R* (1) | < Lipa (),
we can find the function £ (t) such that

W%gfl(’gzp*(t) = V1 (6 P* (1), OF (1), H* (1), Q*(t), R* (1)) + Ay (t),

with |7 (£)| < L1B1(t). It follows that

Pi(t) = Po+ F(}Zl) /Otu%z,l(t_u)m,lvl (1, P* (1), 0% (u), H* (u), Q" (1), R*(u)) d

2

t 201 —
+F(%1)/0 w2 (¢ —u) 1y (u) du

By using Theorem 5, let P € U be a unique solution of the fractal-fractional model of
giving up smoking (3). Then P(t) is formulated as

P(t) =P+ % /O'tu%z—l(t — )V (4, P(w), O(u), H(u), Q(u), R(u)) du.

Then, by (21), we get

IN

PPl £ s [t

< [Vi(u P (u), O (u), HF (u), Q*(u), R*(u))
—Vl(u, (u), O(u), H(u), Qu), R(w))| du
/ w—1 ’L— ;/1 1131( )du

T2t~ lr(%2_’_1)
I'(522 4 521)

IN

L1Qg, B1(t) + &1||P* =Pl
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Accordingly, it gives
PPl < e PO
(2 1) — T2 1T (5, + 1005
If we let
My, 5y = T(s0 + 51)Qp,

T30+ ) — T2t 1T (35 + 1)6;

then, we obtain ||P* — P|| < LMy, g,)B1(t). In a similar way, we also have

|0% = O] < LaMy, p) Bo(t),  ||H" = H| < LMy, g,)B3(t),
Q" = Q| < LaMy, g, Ba(t), [|[R* = R| < LsMy, ,)B5(1),

where
T (%2 + ) Qﬁi

M = ,
(ViBi) F(%z + %1) _ T”2+”1*11"(%2 I 1)(51,

(ie{2...,5).

Therefore, the fractal-fractional model of giving up smoking (3) is Ulam-Hyers—Rassias
stable. If L; =1, (i € {1,...,5}), then the fractal-fractional model of giving up smoking
(3) is generalized Ulam-Hyers—Rassias stable. [J

4.4. Equilibrium Points
When

]F]FIP’@(?{%zP(t) — FFP@(Jﬂﬂzo( ) ]F]FIP’QM %27'{( ) ]F]FIP’QM ) Q( ) IFFP@S?}QR({) =0,

we can find the following results from the fractal-fractional model of giving up smoking (3).

Theorem 8. The fractal-fractional model of giving up smoking (3) has at most three equilibrium
points, namely the smoking-free equilibrium point (%,0,0,0,0) and smoking equilibrium points

v v wu—8?—8w0 (19+9)7_'[ 2947
+wO’ 9+wO’  y+ywO 7 ’ 0 ’

and

v v wu—19%— 19w(9 01— ‘7)7_2 ﬁ’}_‘[
8 9+wO’  yO+ywO 7’ (840) [ :

Proof. Let (P,O,H, Q, R) denote the equilibrium point for the fractal-fractional model of
giving up smoking (3). When O = H = Q = R = 0, then from the first equation in (3), we

find that
v

@/
whereas, if O #0, H #0, Q #0, R # 0, then, we obtain

75:

_ v
P=5re0

which is substituted into the second equation in (3) to give

B wv — 9% — dwO
0 +qwl

Ay

Consequently, it follows trivially from the remaining subsequent equations that

(l9+9) ~ 0 —9) 7 5 99
H&R="H,

G (0+9) v

Q=

and it completes the proof. O
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vl=

4.5. Time-Dependent Basic Reproduction Number

In view of the derivation of the model in Equation (3), the basic reproduction num-
ber, henceforth denoted as Ry is expected to define the expected number of secondary
cases produced, in a completely potential population, by a typical smoking individual [34].
Therefore, the progression from O to ‘H and failure to quit smoking are not considered to
be new cases, but rather the progression of a smoking individual through various compart-
ments. Hence, the following results are stated. Moreover, time-dependent variations in the
transmission potential of infectious diseases are of practical importance. Consequently, in
Ref. [35] it is reported that time-dependent reproduction number R(t) measures the disease
transmissibility, which can be estimated over the course of disease progression. Thus, R(t)
has been particularly useful for monitoring epidemic trends by measuring the progress
of interventions over time and for providing parameters for mathematical phenomena.
Hence, by following [36], one can find the following results.

Theorem 9. The time-dependent basic reproduction number for the fractal-fractional model of
giving up smoking (3) is
R(t) = &RO where, Ry = wy
S(0) ’ 02

Proof. It suffices to derive the R¢. Then, the remaining part of the proof is followed easily.
The respective vectors for the rate of appearance of new smokers and transfer of individuals
in the model (3) are

0P + wPO —v
wPO 90 + yOH
F = 8 &V=| (0+60)H - yOH)H(t) — Q1)
8 (+5)Q(t) — (1 —g)H(t)

OR(t) — gOH(t).

Based on the smoking compartments, i.e., O, H, Q and free-smoking equilibrium, we

find that
“v 00 9 0 0

K2
F=| 0 00 |&V=|0 (0+6) —C
0 00 0 —0(1-q) (®+9)
It gives
(B+0)(O+7)—76(1—q) 0 0
1
BT 8)(3+0) 00— 1) 0 bE+0) 8(1-a)
0 /4 80 +¢)

Thus, by Ref. [37], the basic reproduction number is followed easily. [

4.6. Sensitivity Analysis

In view of theorem 9, one can see that the sensitivity analysis of R(f) depends mainly
on Ry. Thus, in what follows, the analysis is therefore curtailed to the sensitivity of Ry. By
recalling that the sensitivity analysis enables us to predict which parameters have a high
impact on the basic reproduction number [38], one of the main objectives is therefore to
suggest strategies to ensure that the necessary control measures are taken to stop smoking
and prevent a possible increase in the number of smokers in the future. Such attempts are,
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of course, attained in the direction of supporting the efforts of lowering the value of the
basic reproduction number. Considering that there are many negative conditions brought
about by smoking, together with the challenge of completely eliminating the smoking
epidemic in a population in a short time, attempts to reduce the spread of smoking are
therefore very important. Thus, lowering the value Ry is one of the most fundamental
issues, as it possesses a major influence on the effect of parameters on the change of Ro.
To this end, we will evaluate the influence aspects of the parameters that affect Ry by
determining the normalized forward sensitivity index of it [38]. Starting with the first to
the last parameter listed under model in Equation (2), the normalized forward sensitivity
index of the variable Ry yields the following results.

Theorem 10. The parameters <y, (, 0, q are likely to bring about the decrease in the time-dependent
basic reproduction number.

Proof. It follows trivially through Ry that

]

Q)
=
<
S

Y
e

_ w _ v 1
W X R T o X T g =@ >0,
wv
%Xl:a[ﬂz]xlzo
dy Ro 9y % ’
wv
TS -1 O
¢ 7 Ro ag i ’
o wy
dRg 0 _ [ﬁZ] 0 _
X Ry = a9 Xmr = —2<0,
92
o wy
dRo 0 _ [192] 0 _
20 X' = —ag X =0,
92
wv
&Xi:a[ﬁ]xi:o
9 = Ro 9 z ’
ol wy
dRo v [02] v _ g-1
50X’ = x%—ﬁ >0,

which concludes the proof. O

4.7. Asymptotically Stability Analysis

To investigate the local asymptotic stability for the fractal-fractional model of giving
up smoking (3), one requires the Jacobian matrix [39] computed at the equilibrium points
and associated characteristic equation. Let £ := (P, O, #H, Q, R). Thus, the non-zero entries
of the Jacobian matrix are

J(E)ap = —(0+w0), [(E)ap = —wP, (€)@ = wP -8 —7H,

J(E) o)y =7H, J(E)pz = —(0+98), ](E)za =G J(E)usz = —0(@—1),
J(E)aay = —(0+0), J(E) 53 =99, 1(E) 55 = -1,
and the associated characteristic equation [40] is
A5 — a4/\4 — 113/\3 — az)\z —mA—ag=0,

where,
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(a)
(b)
(c)
(d)
(e)

ag =790 -50 - —9H -0 —wO +wP,

a3 = 400 — 407 — 100> — Hy8 — 4FH 0 — Hyl — 460 + Oy — Owb + Pwb
—40w? +4Pw? — Owl + Pwl — 07 + O?*yw — HOyw — OPqw,

1y = 60792 — 6827 — 100° — 6Hy9? — 600% — 60w? + 6Pwd?* + 30997 — 30w
+3Pwbd — 30w 4 3Pwi — 3g097 + 30%*ywt + O*ywl — 3Hy00 — 3HYO
—HOywh — 3HOywd — HOywl — 30Pywd — OPywl — Hyq0f — Owqgdl + Pwqb,

ap = 407 9® — 4037 — 50* — 4Ty ® — 4093 — 40w + 4Pw®> — 3HY00? — 3H~0*C
+30799%7 — 30w09? + 3Pwh? — 30w8?L + 3Pwd?T — 3q00°C + 30?ywd?
—3HOywd? — 30Pywtd? + 202ywdf — 2HOywh® — 2HOywd — 20Pywd — 2Hyq00C
—20wq087 4+ 2Pwqb8 — HOywqbC,

ag = Oy0* — 047 — 8° — Ayd* — 00* — Owd* + Pwd* — Hy08® — Hy937 + O483C
—Owh + Pwb®® — Ow3 + Pwd3 — q0837 + O?yw® + O*ywd*C — HOywd?
—OPyw®® — HOywo®? — HOywd?L — OPywd?l — Hyq08*C — Owqhd*¢
+Pwqb?¢ — HOywqbd{.

Thus, if

50+ +0 > <,

q07 + 407 + 100% + 469 > (0 + 49+ 0) Y7,

6827 -+ 108° + 6002 + 3087 > (69% + 300 + 397 + q00) <7,
4027 + 58° + 4007 + 3900 > (49% + 3600 + 307 + 2q967) %,
020 + 9% + 007 + 087 > (8% + 60 + 07 + q00) 4%,

in that case, the smoking-free equilibrium point is locally stable if the equilibrium points
are positive [41].

(a)

(b)

(c)

Similarly, one finds that if

50+ 7+ vH+ 0+ wO > y0 + wP,

40w? + Owl + 07 + HOyw + OPyw + 407 + 100% + H~0
HAHYO + Hyl + 400 + Owb > 408 + Oyl + Pwb + 4Pwd + Pwl + O*yw,

692 + 100° + 6H 92 + 6062 + 60w®? + 30wh® + 30w + 3900¢

+3HY00 + 3HAI + HOywb + 3HOywd + HOywl + 30Pywtd + OPywl
+HYyq07 + Owqbl > 6048 + 6Pwd? + 308 + 3Pwh?d + 3Pwid] + 30%ywd,
+0%ywl + Pwqb,
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(d)
4037 + 50* + 493 + 40603 + 40w + 3H 0% + 3HY 9L

+30wh8? + 30wHT + 3q00°C + 3HOyw®? + 30Pyw??
+2HOyw08 + 2HOywd + 20Pywd — 2Hyq00¢
+20wq08 + HOywqbl > 4079 + 4Pwd®

+3098%C + 3Pwh? + 3Pwd?C + 30%ywd?

+2024wdT + 2Pwqbde,

(e)
0T+ 0 + Hyo* + 00* + Owd* + Hy00% + Hy 93

+0wh8 + 0w + q0937 + HOyw? + OPyw®® + HOywhd?
+HOYw?T + OPywd?C + Hyqh8?L + Owqdd*T + HOywqghdg
> 090 + Pwtdt + Oy + Pwb® + Pwd + O?ywt?

+0?ywdf + Pwqhd?y,

then the smoking equilibrium point is locally stable if the equilibrium points are posi-
tive [41].

Lemma 2. The time-dependent basic reproduction number R(t) < 1 is globally stable in X,
whereas, if R(t) > 1, the unique smoking equilibrium point is globally asymptotically stable in the
interior of X.

Proof. The proof of lemma 2 is similar to the proof established in [42]. O

5. Numerical Algorithm

In this section, we describe the numerical algorithm for the fractal-fractional model of
giving up smoking (3). To do this, we apply the technique based on the fractal-fractional
derivative operator [18]. To begin this process, we note that the system of fractal-fractional
derivatives in the Riemann-Liouville sense in Equation (3) can be converted to

RLDFP(t) = sr2 v — 9P (1) — wP(HO(H)],
RL@éfltO(t) = 30727 H—00(t) + WP () O(t) — YO()H(1)],
RLDTVH(t) = s (= (8 + 6) + YO (4))H(t) + TQ(1)], (22)

REDFLQ() = s 1 [ (94 0)Q(1) +6(1 — ) H(1)],

RLDFR(t) = 52 H—0R(t) + g0H (1)].

By applying the Riemann-Liouville fractional integral on both sides of equation in
(22) one obtains
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R(tn—&-l)

P(tys1) =
O(tu+1)
Htys1) =
Qtut1) =

R(tn—H)

21 of 31
PO =PO) + s [ = - 6P~ wPOOWA,
0() = 00) + 5 '/; P2t — 1 [80 (1) + wP()O() — YO H (W),
HO = H(0) + 2 [ = (=04 6) -+ YOW)HW + L) @)

+ ) /ot r2l(t = )T (0 4+ ) Q) + 0(1 — ) H()]d,

R(t) = R(0) + 72 /(;tﬂz—l(t—t)%l—l[—m(l)+q9H([)]dl.

[(5a)

Using a new approach at t,,,1, (where n denotes the denotes the number of sub-
intervals) we discretize the mentioned Equation (23) for t = t,.;1, and we get

=P+ W /Otn“ 1”2_1(15,1“ — 1)”1_1[1; — 9P (1) —wP(1)O(1)]ds,

O+ ey [T e =0 -000) + @POIO) ~ 1O H I,
Ho + % /O T gy — (= (84 0) + 1OW)VHG) + Q) (24)

= ot s [ i = 0 (04000 01— )R

Ra 4 22 /tn+1 P2 (b — 1) [—OR (1) + gOH(1)]de
0 F(%]) 0 n+1 q ’

Approximating the obtained integrals in Equation (24), we obtain

Pyt o2 z / P2 by — 07 o — 9P (1) — wP()O(0))d,

=00+ 125 / (bns1 =) [-00() + wP()O() —yOWH (),

Hot o 2 / 02 (b =0 (= (0 +0) +yOW)H() + (0], 25)
}: / bt =07 (0 4+ 0)Q() +0(1 — q)H () Jde,

R0+r JE [ - 0RO + g0

Applymg the Lagrangian piece-wise interpolation [43] to each functions

P2 Nty — 1) o = 9P (1) — wP(HO(1)),

72 by — 0" [90(1) + wP()O(1) = YO H(1)],

P2 by — )" (= (94 6) +vO()H (1) + (1), (26)

P2 by — ) (94 0)Q() +6(1 - H(1)],

2 by = ) [=OR() + gOH(1),
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we find

2ty — 0717 o = 9P (1) = wP(1)O(1)]

= L2 o = 8P(4) — wP(6)O(t)]

P2 o = 9P (6iy) — wP(6i-1)O(tioy)],

11

P2 Yty — 1)1 =00(1) + wP(1)O(1) — yO()H(1)]
= LT [90(4) + WP () O(6) — YO(6)H(6)]
— 2 [ 00(6) + WP (1) O(tiy) — YO (6 ) H(6i4)],

22 by — ) (= (94 0) + O () H (1) + ()]

11—t s—1 (27)
=5t (=0 +0) +70(6)H (k) +1Q(4)]
P (= (04 0) + YO (4 n))H(tiy) +8Q(6-0)],
P2 by — [ (8+ ) Q(1) + (1 — ) H(1)
= T (04 ) Q(k) +6(1 — )M (1)
P [0+ 0 Qi) + (1 — ) H ()],
e (* +1—t>%-1[—m<z>+q9%<t>] LT R () + g0 (4)]
— 2 S OR () + 90H ().
Consequently,
Pltur) = Pot 5y z / b = = o= 0P () —wP()O(L)]
- - ‘_‘tff 2 0= 0P (4 ) — WPt Ot
Olty+1) = O + s z / (a1 =07 [=00() +wP()O(0) ~ yOWH () de
o —— 11 £ -00(6) + wP (1) O(t) — 7O (6)H ()]
t‘__tfil P2 [90(4y) + wP(6-2)O(6_y) — 7Oty Y H (k)]s
(1) = Ho+ s z / (a1 =077 (= (8 +6) +70()H() +LQ()ds
—%t”ﬁ H(=(8+6) + 7O(6)) (1) + Q1) 28)
l—tl’

~h ti,lff?f (=8 +0) + 7O (ta))H(tia) +Q(6-) ),

Qltni1) = Qo+ s z / (a1 =07 =8+ 0)Q(1) +6(1 — gy H (1)l
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= ;__t;l: 27 = (04 2) Q) +0(1 — q)H (k)]

- ti‘__tfil FE (04 0 Q6 ) +0(1 — g H ()

R(ty1) = Ro+ [y 2 / 02 (trr — 7 [FOR(G) + g0H ()]s

L—t
Ct—tig 2y

[FOR (o) + 90H (6, ) .
The equations in (28) are equivalent to

Pltus1) = Po+ BLU5 T 1727 o — 9P (k) — 0P (6) O(4)]

X[(n+1—=i) " (n—i+2+5)— (n—1i)(n—i+2+2:0)]

(29)
— 727 0= 8P (4 ) — wP (1) O (k)]
X [(n+1 =it — (n— i) (n—i+1+5))],
and
Oltus1) = O + FEU T o 1727 [-80(4) + wP(8) O (8) — YO (L) H (1)
X[(n+1—-i)"(n—i+243)— (n—0i)1(n—i+2+250)]
(30)
— 27N 00(6 ) + WP (4 ,)O(tiy) — YOty ) H(4i,)]
) [(n+1—) — (n—)A(n—i+1+3q)),
and
H(t1) = Ho + LU T 0 627 [(— (94 ) + 70(6)H (k) +TQ(t)]
X[(n4+1—i) 2 (n—i+243)— (n—0i)1(n—i+2+250)] 4
31
— 27 (= (0 +0) +yO(t 1)) H (1) + Q4 )]
x[(n+1=i) 2T — (n—i) 1 (n—i+1+ )],
and
Qlts1) = Qo+ BEUL I #7271 (94 1) Q(t:) +0(1 — ) H(t:)]
X[(n+1=i) 1 (n—i+2+4)— (n—0i)1(n—i+2+251)]
(32)
— 27 = (0+ ) Qi) +0(1— ) H(ti—y)]]
x[(n+1—i)2 ! — (n—i)(n—i+1+ ),
and .
Rtni1) = Ro+ 2055 Lo 4727 [OR(t) + g0H (4]
X[(m+1=i)2"(n—i+243)— (n—0i)1(n—i+2+251)]
(33)
— 727 [—OR (i) + q0H (4,)])
x[(n+1—i) T — (n—i)1(n—i+1+ ).
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We refer to equations in (29)—(33) as the numerical scheme for the solutions of the
fractal-fractional model of giving up smoking (3).

6. Simulations and Discussion

Simulation and discussion on the behavior of the fractal-fractional model of giving
up smoking (3) are implemented in this section according to the parameters computed in
Ref. [14]. Based on this source, we assume v = 0.2, ¢ = 0.04, v = 0.3, = 0.25, w = 0.23,
6 = 2, g = 0.4. The initial values are:

Po = 0.60301, Oy =0.24000, Ho = 0.10628, Qp = 0.03260, Ry = 0.01811.

As a first step, to compare the best fitting parameters with our assumption parame-
ters [14], we regenerate the total population (N = P + O + H + Q + R) by adding white
Gaussian noise. Then, we apply the well-known least square technique for the regenerated
total population and find the curve of best fit for the new data. The comparative results
including the approximate N (t) by the Adams-Bashforth technique (blue dashed line),
regenerated N () with noise (blue dots), and the curve of best fit for the new data (red line)
are graphically represented in Figure 1. From this graphical illustration, we can observe
the great agreement between the Adams—Bashforth solution of A/ (¢) and the curve of best
fit created from the regenerated data with white Gaussian noise. In addition, obtained
root mean square error for the best fit, which is a criterion to see the goodness of the fit, is
produced as 0.3198.

=== Manufactured data

- Data with noise
m— Best fit
0 I I I I I I I I I ]
0 10 20 30 40 50 60 70 80 90 100
t (days)

Figure 1. Comparison between the approximate total population A (t) with noise data and curve of
best fit.

In Figure 2, we illustrate the obtained dynamics of all five state functions P, O, H, Q, R
via the numerical technique introduced in Section 5.
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0 50 100 150
t (days)

Figure 2. Behaviors of five sub-classes under fractal-fractional order s¢; = 3¢, = 1.00.

In Figures 3-7, we illustrate the behaviors of five state functions P(t), O(t), H(t), Q(t),
R(t), respectively, when the Adams-Bashforth technique is applied under the fractal-
fractional orders 11 = 200 = 0.95,0.96,0.97,0.98,1.00. From these illustrations, we can
observe that while the fractal-fractional order gets closer to the integer case, the density of
each state function is increasing at about the same rate. In addition, it can be said that the
fractal-fractional orders have an effect on the trajectories regarding converging to a more
stable case.

In Figures 8-11, the behaviors of approximate solutions of some pairs of the state
functions such asa) P(t) — O(t), b) P(t) — R(t), c) O(t) — H(t), and d) H(t) — Q(t) under
the integer-order are graphically illustrated where the time ¢ € [0,150] and step size h = 0.1.

In Figures 12-14, to observe the effects of contact rates on the sub-classes, we illustrate
the behaviors of approximate solutions of state functions P(t), H(t) and Q(t) versus the
different values of contact rates vy, w, (.

From Figure 12, we can observe that decreasing the contact rate between occasionally
smokers and heavy smokers () has a positive effect on the population of potential smokers
P; that is, the density of the potential smokers is decreasing at about the same rate. Similarly,
when the contact rate between the potential smokers and occasional smokers (w) decreases,
from Figure 13, we can see that the population of heavy smokers H also decreases. Figure 14
shows us that increasing the contact rate between heavy smokers and temporary quitters
who return back to smoking ({), has an effect on decreasing the population of temporary
quitters who return back to smoking Q.

10 M}Q'Q)f:—-‘

x; =1z = 1.00

t (days)

Figure 3. Behaviors of P(t).
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161
—_— =12 = 1.00
=z =0.99
=z, =0.98
=z =0.97
——xy =3 = 0.96
——xy =2y = 0.95
0 50 100 150

t (days)

08
—_— =2 = 0.99
506 x; =2 = 0.98
x —_— =2 = 0.97
—x =1z = 0.96
——1y =2y = 0.95
0.4
0.2
0 L I )
0 50 100 150

t (days)

Figure 5. Behaviors of 7 (t).

0.45 -

(1)

0 50 100 150
t(days)

Figure 6. Behaviors of Q(#).
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t (days)

Figure 7. Behaviors of R (t).

eases
e
oo sosssseses
? L

04 s 08 1 12 4 I
P(t)

Figure 8. Behaviors of pair of sub-classes P(t) — O(t).

04 08 08 1 12 4 8

Figure 10. Behaviors of pair of sub-classes O(t) — H(f).
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o 02 04 05 08 T 12
H(t)

Figure 11. Behaviors of pair of sub-classes H(t) — Q(f).

0.4 I I I I I ! I I I )
0 10 20 30 40 50 60 70 80 90 100

t (days)

Figure 12. Effects of contact rates on state functions: P () versus .

o \ . . . . \ . . . |
0 10 20 30 40 50 60 70 80 90 100
t (days)

Figure 13. Effects of contact rates on state functions: H (t) versus w.
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05
0.45
0.4
0.35

0.3

=
=7 025

Q

0.2

0 I I I I I 1 I I I |
0 10 20 30 40 50 60 70 80 90 100

t (days)

Figure 14. Effects of contact rates on state functions: Q(t) versus {.

7. Conclusions

In this research, a new mathematical model of giving up smoking was designed by
defining a five-compartmental system of differential equations based on the new hybrid gen-
eralized fractal-fractional derivatives. The properties of solutions to this fractal-fractional
model of giving up smoking were discussed from several points of view. A special sub-class
of increasing functions along with a special kind of contractions was used to complete the
existing section about the solutions.Steady-state analysis was conducted for this model
and we derived a numerical scheme for the fractal-fractional model of giving up smoking
by terms of fractal and fractional parameters. In other words, we derived approximate
solutions of the system (3) via the Adams-Bashforth method and simulated the behaviors
of each sub-classes from several aspects such as variations of fractal-fractional dimension-
orders. From the illustrated results, we can see that by increasing the fractal-fractional
orders, the density of each sub-population also increases. We also observed and discussed
the effects of contact rates <, w, { on the behaviors of sub-classes in Section 6. All the ap-
proximate results and calculations are obtained with the help of MATLAB version R2019A.
These simulations and graphs show that if we control the contact rate in each sub-class, then
we can obtain significant results in reducing the number of people who quit smoking. New
directions can be extended by considering other generalized kernels in the fractal-fractional
operators in future research projects.
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