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Abstract

Across many real-world issues, crossover tendencies are seen. As these operators are built on
kernels that exhibit some qualities that arise in nature, some of these could be captured using the
idea of piecewise differentiation and integration. Power-law processes, fading memory processes,
and processes that mimic the generalized Mittag-Lefler function are a few examples. The use of
piecewise differential and integral operators, however, cannot be applied to all processes involving
crossovers. For instance, when groundwater overabstraction causes it to flow from confined to
unconfined, a considerable alteration eventually manifests. The idea of piecewise differential
equations, which can be thought of as an extension of the piecewise function to the framework
of differential equations, is introduced in this work. While we concentrated on ordinary, it is
important to note that partial differential equations can also be solved using the same technique.
For both integer and noninteger instances, piecewise differential equations were introduced. We
explained the usage of the Laplace transform for the linear case and demonstrated how a new
class of Bode diagrams could be produced. We provided some examples of numerical solutions
as well as conditions for the existence and uniqueness of their solutions. We discussed a few
scenarios in which we used chaos and straightforward ordinary differential equations to produce
novel varieties of chaos. We think that this idea could lead to some significant conclusions in
the future.

Keywords: Piecewise differential equations, Laplace transform, Bode diagram, numerical
scheme, new chaotic attractors

1 Introduction

Chaos behaviors can be seen throughout nature, and some of them have recently been replicated using
mathematical models. Existing models, in particular chaotic processes with crossover characteristics,
nevertheless fail to account for some phenomena. When the idea of piecewise differentiation and



integration was first presented, this category of chaotic processes received very little attention.
With this idea, a differential operator in a chaotic model is changed by replacing it with a piecewise
derivative that entails defining an alternative differential operator in an interval. The use of this
idea has, in fact, opened up more research directions toward a revolution in the study of chaos,
and new chaotic attractors have been found. But in this instance, the only thing that changes
is differentiation.Thus, crossovers are caused by the characteristics of the kernels utilized, which
can be the power-law, generalized Mittag-Leffler, exponential decay function, or the Delta-Dirac
function. A novel concept is required because some crossover phenomena cannot be described using
piecewise differential operators. People can now envisage worlds that may exist but are not present
in their daily lives thanks to the cinema industry. For instance, a horse with a human head, people
with long tails, like in the movie Avatar, and several other examples. Perhaps the core sciences
could benefit from using this creativity to combine two concepts into one new thought. This idea
could be used to address a particular procedure in the actual world. To address a particular real-
world process that could not be recreated using current theories, such a concept might be put
forth. This ought to apply to the study of mathematics and its applications. For instance, one
may consider a high level of crossover that could consist of describing the chaos processes at the
various intervals to capture crossings that cannot be replicated using piecewise differential operators.
Piecewise differential equations will be used to refer to this idea, where the process’s governing
function fluctuates with time. This idea can be seen as a piecewise function application, which has
various uses in simulating human behavior and other real-world issues. Piecewise functions have
only been utilized in differential equations to change parameters and source procedures. Although
there are references to these processes in the literature, no overarching theory has yet to be created.
The issue of the movement of groundwater provides a vivid illustration. This problem has been
described as a piecewise differential equation system, where the first portion takes into account flow
in a confined aquifer and the second part takes into account flow in an open aquifer. It is important
to note that this approach differs greatly from the notion of an equation system in which all of the
variables behave within the same time interval and with the same sub-governing functions. In this
essay, we’'ll look into several practical uses for this family of differential equations.

2 Definition of Cauchy piecewise problem

Case 1: Classical Cauchy piecewise problem
Let f1, f2, ..., fn be linear or nonlinear functions bounded and continuous. A piecewise ordinary
differential equation is defined as

filt,u(t) if0<t<ty
f2 (t,u(t)) lftl StStg
Ch ; - &)

fn (t,u(t)) ift,1 <t<t,

Case 2: Cauchy piecewise problem with power-law
Let fi1, fa, ..., fn be linear or nonlinear functions bounded and continuous, the function w (t) is
differentiable. A piecewise problem with power-law[1] is represented by



filt,u(t)) f0<t<t
ngu (15) _ f2 (t,u (t)) lf tl S t S t2 . (2)

Case 3: Cauchy piecewise problem with Mittag-Leffler
Let fi1, f2, ..., fn be linear or nonlinear functions bounded and continuous, the function w (t) is
differentiable. A piecewise problem with Mittag-Leffler[2] is defined by

) ift; <t <
ABC oy, (7) — f2 (tu(?)) 1 ty <t <ty | @)
fo@u(®)) ift,—1 <t<t,

Case 4: Cauchy piecewise problem with exponential decay
Let f1, f2, ..., fn be linear or nonlinear functions bounded and continuous, the function u (t) is
differentiable. A piecewise problem with exponential decay[3] can be written as

filtu(t) f0<t<t
; iftg <t <t
OF Doy () = f2 (t,u(?)) 1 1 <t <t . @
fn (t, U (t)) ift,_1 <t<t,

Remark. As more general, the following piecewise differential system[4] can be written

Loy(t)=fi(t,ut) f0O<t<t
SEDeu () = fo (tu(t)) ifty <t <ty
§Dfu(t) = f3(t,u(t)) if to <t < t3
ABC Doy () = fo (tu (b)) if ts <t <ty (5)
Du(t) = fn(t,u(t)) if tp_1 <t <ty

3 Laplace transform with examples

When the functions f; are linear, the solution can be derived using the Laplace transform. We give
an example of course using the same technique for piecewise function. We consider example one of
ourse the other follow.

d
@U(t) = (u(t)—u(t—1t1)) fi(tu(t)) (6)

+(u(t —t2) —u(t —t3)) fr (L, u(t))
b u(t—ta) fu (tu(t)).



We can apply the Laplace transform on both sides to obtain

e SUL(f; (t+t,u(t+t5))) }
e L (fioa (-t u(t+t1)) |

n

sﬂ(s)—u(O)—Z{ -

Jj=1

Our next challenge is to find L (f; (¢t +t;,u (t +t5))).
In the case of power-law, we have

o THEL(fy (E+t,ult+ty)))
s“u(s) — 3_1[ fstJ VL(fjr (E+tj—r,u(t+t-1)) |
In the case of Mittag-Leffler, we have
1 s*u(s)— - { e L (f; (t+1t5,ult+15))) ]
11—« 5% 4 79 StJ PL(fj—a (E+t—nu(t+t-1)) |

j=1
In the case of exponential decay, we have

n

l—a s+ % = _Stf 'L (fj—1 (t+t] Lu(t+ti-1)) |
We present some simple examples
t+1 if te0,T]
dziT(t): el +t if te|T,T1)
¢ 2 if t>T
Thus
d%(ft) = (t+D)u@)—ut-—D]+ (€ +t)ut—T)—u(t—T)

+t2u (t —Ty) .

Applying the Laplace transform yields

su(s)—u(0) = LE+1)—
—e~sThp, (et+T1 +t+ T1) +
1 1 (1
Ty
_e—sTu [ € 1
€ (1 + s + 52
Therefore
~ w(0) 1 1 o (1
uls) = s 52 + s3 (53
_ory [ €™ L. n
245 83 2

e TLA+T+1)+e *TL(eT +1t+7)

eI ((t + T1)2)

T+1\ (T 1T
+ p )—i—e (1+s+82+s
T T? 2T 2
+1>+e‘ST1 <1+21+3).
s s s s
T+1\ _f & 1 T
+ 52 )+e <32+5+s3+32

T2 2T 2
—sT, 1 1
s>+691<82+83+54>.

(10)

(11)

(12)



In the case of power-law, we have

u(s)

w(0) 1 1 o/ 1 T+l o T 1T
safl + 870‘ + soz+1 —¢ SaJrl + s te s _|_Sa71 + sa+1 + 57(1 (15)

T 2
—sTy el 1 T1 —sTy T1 2T1 2
—€ (SO‘ + Safl + Sa+1 + SO‘> te (soz + SaJrl + 3a+2 :

With this example, we can now introduce the Bode diagram and phase diagram associated to
this piecewise Laplace. In the case of classical derivative, we consider T" = 3, 77 = 5. The Bode
diagram and phase are presented in figure below.

Classical case
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Figure 1. Bode and phase diagram for transfer function in equation (14).

In the case of power-law, we present the following figures for & = 0.9, = 0.7, = 0.5, « = 0.3 and

a = 0.1.
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Figure 2. Bode and phase diagram for transfer function in equation (15).

4 Some illustrative examples of piecewise differential equa-
tions

The translation of observable facts into mathematical models is one of the major limits of mathe-
matical models. A good mathematical model should be thorough and contain practically all of the
information found in the actual scenario. Some of these features were frequently left out of mathe-
matical formulations by most mathematicians, and as a result, the conclusions of these models don’t
always match the data that has been seen, leading non-mathematicians to question the usefulness



of mathematics. There is a need for a new class of ordinary and partial differential equations since
differentiation, whether classical or piecewise, cannot capture these subtleties in its mathematical de-
scription. We give a few piecewise ordinary and partial differential equations in this section together

with their solutions and graphical depictions.

{ 2cost — 9y cost, if ¢t € [0, 3],
%: y (0) =0, ,
{ @ty — it it € [3,30]

Using green function technique yields

{ 2 + cexp (—9sint), if ¢t € [0,3],

y(0) =0,
t) = ers N
y () S if t € [3,30],
y(3) =2 — 2exp(—9sin3)

Applying initial conditions, we obtain

() = %—%exp(—9sint), if t € [0,3],
Y= gt (B~ Qexp (<9sin3) + 1) , if t € [3,5],

In Figure 3, we present the solution of above Cauchy problem.

y{t)

t

Figure 3. The solution of piecewise Cauchy problem.
We present an exmple with power-law

7)‘y (t) ’ ift e [0, 1] )
6 Diy (1) =
exp (—t), if t € [1, 00),

(16)

(17)



The solution is given as
Y (0) Ea (_Ata) ’ ift e [07 1] )
y(t) = Fla)/e—w (t—7)*"dr, ift € [1,00), (20)
1

and
y(0) By (—At™), if t €]0,1],

= N (=) B+ 1, . ) 21
VO S| and syt | it o), @
j=1

—tIeB (1,5 +1,a)

For v = 0, we can consider the following problem

y(0) Ey (—At%), if t € [0,1],

7 y (0) =11,
y(t) = ey it e [1,10], (22)
y(1) = 3.1

In Figure 4, we present the numerical simulation for the solution of piecewise fractional differential
equation.

-
-
Q

T——a=08
=08
a=0.7
= a=0.6
—a=0.5

y{t)

oo

Figure 4. The solution of piecewise Cauchy problem with fractional order for o = 0.9.

The findings shown in Figure 4 are quite fascinating and instructive since they show two different
crossover tendencies. The idea of a piecewise differential equation, whereby Mittag-Leffler decay
is observed in the first portion and power-law growth is observed in the second, induces the first
crossover behaviours. In fact, this kind of crossover occurs frequently in real-world issues, even in
ordinary human existence. The crossovers caused by the kernels are the second crossovers. After
a crossover from stretched exponential to short memory power law decay in the first section, there



are two crossings from short memory power law in the second portion.We now consider a piecewise
partial differential equation where the first part is heat equation and second part is the advection-
diffusion equation.

U

{ kZyu(x,t), if t € [0,5],

u(z,0) =66sinmx,u(0,t) =u(l,t)=0 " | (23)
{Ba—;u (z,t) —aZu(z,t), if t € [3,10]

where kK = 1 and a = 1. The solution is obtained as

66 sin Tz exp (—m%t) , if t € [0,4],
u(x,0) = 66sinmz,u(0,t) =u(2,t) =0 ’

u(z,t) = 1/33exp (2t) (exp (z) + exp (—2z)), if t € [4,10] . (24)
u(r,4) = 1/33€® (exp (x) + exp (—27)),

w(2,t) =1/33exp (2t) (e + ),

u(4,t) =1/33exp (2t) (e* + e7°)

In Figure 5, the numerical simulation is performed for the solution of piecewise partial differential
equation.

80

60 .

Figure 5. The solution of piecewise partial differential equation.

4.1 Piecewise system: Existence, uniqueness and numerical solution

If f; are nonlinear, the analytical methods may not be appropriate for solving these problems. Then,
numerical methods are suitable candidates to solve these problems. But some conditions should be
satisfied by these functions for existence and uniqueness to be searched. It is required that, Vi > 1,
(fi); satisfies the following conditions



Lo|fi u @) < ki (1 + |u|2> which is known as growth condition.

2. |fi (t,u () — fi (t,v ()] < ki |u — v|* which is known as Lipschitz condition.

We can now proceed with numerical solution. We first consider piecewise Cauchy problem with

classical case
J fitu(t) f0<t <ty

fo (u(t)) ift,_q <t <t,

Applying the classical integral on both sides leads to

u(O)Jr/fl (ryu(r))dr, if0<t <t
0

t
u(tn—1) + /fn (ryu(r))drif tp,—1 <t <t,
0

Such problem can be solved by Adams-Bashforth method.

u(tesr) + 2 [Bf1 (be,u (te) — f1 (te—1,u (te-1))]
u(tr1) = :
u(teg1) + 2 [Bfn (e, u (t6) = fo (be—1, u (tr—1))]

We consider the case with ABC derivative

07 Difu(t) = : . (27)
fo@u(®)) if thp—1 <t<t,

We apply the AB integral on both sides to have

w0+ (1= 0) f (bu(t) + iy [ (o) (£ = 7"
0

ifo<t<ty

w(tns) + (L= ) o (60 (0) + sy [ (ru() (6= 1) dr

0
if tn—l S t S t'n

10



At this stage, several methods can be derived. For example, one can approximate these functions us-
ing polynomials. The following numerical scheme based on Newton polynomial[5] can be constructed
for the piecewise system with ABC derivative

u(0) + (1 —a) f1 (tr,u(tr))

a(A wmi « «
r((afl Yoo f1 (tmy—2,u™72) {(Iy = my + 1) = (I —ma)*}
a At) um umi—

Féa-f—Q) Zml =92 [ ( my—1,U e 1) fl ( my—2,U ! 2)]
% (ll—m1+1) (ll—m1+3+2a)
— (L - ml)a (ll —mq + 3+ 3a)
a(AH® 1 (b w™) = 21 (bpy -1, u™ )
! 2F(O¢+3) ZT”l =2 |: 1 +fl ( ’m1—23um11 2)
3 o 20 —m1)® + (Ba+10) (I —my)
(b —mi+1) { +202 + 9a + 12
a2 —m)? + (a+10) (I —my)
(b =m) [ 4602 + 18 + 12
ifo0<t<t

X

Wtiin) = u (b)) = 1
l u(tk,1)+(1—a) fn (tkvu(tk))
a(At)” M — * “
F((ozwtt)l) E?)Zk l(k n+3 fi (tmkf%u g 2) {(lk — M+ 1) B (lk B mk) }
T(a12) ka lk-1)+3 [f1 (tm -1, u™ 1) = fu (b2, u™ 2]
(e —my + 1) (g — my, + 3+ 20)
— (g —mp)* (I — mi, + 3+ 3a)
Z fl (tmka )_Qfl(mk 1, U mkil)
2F((x+3) mE=l-1)+3 +f1 ( mp—2, WET 2)
- o [ 201 —mp)? + 3o+ 10) (I — my)
(lk —mp +1) [ +20a2 + 9o + 12
=gy [ 2 G 10) =) |

+ a(At)

X

+60% + 18 + 12
iftp_q <t <ty

(29)
We now consider the folowing system where the derivative is the Caputo-Fabrizio fractional deriva-
tive. We now consider the following system with Caputo derivative
fitu(t) f0<t <t
S Dy (t) = : - (30)

Putting this polynomial in the original equation and doing some operations[6], the following is
obtained

11




< 2 ll>f1 (th ())
u(0) + A may 2 m =0 |
+Zm1 1 ml,u (mi— 1)2_2m1 (m1+1)? my = 1.2,k —1
fo<t<ty
u(tk) =
(%) Fo (tr1,uF1)
U(tkfl)“f‘ AC;(A;) %,mk: )
ka 1f”( my U k) (mk71)272n;i7(mk+1)27mk _1727~ ,k_l
ift,_1 <t<t,
(31)
where
k—1)> — k2
A % (32)
. ij - 0
Brj = (G-1)° 72%2*(#1) =12, k—1

Finally, we consider the following system with Caputo derivative
fi(bu(®) f0<t<t
6 Dffu(t) = : : (33)

For above sytem, we can present numerical scheme based on Lagrange polynomial[7]

w(0) + (1 —a) fi (e, u(tr))
(A~ I (ll —mi + 1)04 (l1 —mi+2+ a)
I Trre) Zom=1 i (b0 ){ — (L =m1)®* (I —m1 + 2+ 20)
(a0 g1 (lh —my +1)"
T'(a+2) Zml 1 [fl(ml 1, U )] { — (L —m)* (I —my +1+0)
if0<t<ty
U (tev1) = u(tey1) = :
u(te—1) + (1 — ) fo (b, u ()
(At Z f ( mk) (lk —mk—i—l)a (lk —mk—|—2+a)
N T T(at2) Zemi=tgry+2 1 s — (e — mi)® (I — my + 2 + 2a)
N ol fi (¢ um 1) (e —my, +1)"
ety Zomp=try+2 /1 Fme—1, — (e —mp) (lg —my + 1+ )
iftp_1 <t <ty

(34)
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5 Applications to mathematical biology

5.1 Tumor growth model: Chemotherapy and radiotherapy

Every cancer kind calls for a different treatment plan, thus a precise cancer diagnosis is crucial
for the right kind of treatment. Typically, systemic therapy, radiation, and/or surgery are used in
treatment (chemotherapy, hormonal treatments, targeted biological therapies). The right choice of
a treatment plan takes into account the patient as well as the malignancy. To obtain the anticipated
therapeutic outcome, it is critical to complete the treatment procedure within the allotted period.
Setting treatment objectives is a crucial first step. Typically, the main objective is to eradicate
cancer or significantly extend life. A key objective is enhancing the patient’s quality of life. Support
for the patient’s physical, emotional, and spiritual well-being as well as palliative care throughout
the latter phases of cancer treatment might help achieve this. When discovered early and treated in
accordance with best standards, some common cancer types, including breast cancer, cervical cancer,
oral cancer, and colorectal cancer, have high cure prospects. Even when malignant cells are present
in other parts of the body, several cancer types, such as testicular seminoma and other forms of
leukemia and lymphoma in children, have excellent cure rates if adequate therapy is given. However,
mathematical models have been used to assist in resolving these problems. Again, it remains very
difficult to translate what is seen in a particular patient into a mathematical model. This may
be because mathematicians do not fully comprehend biological processes or because biologists do
not communicate with mathematicians using suitable mathematical words, which makes numerous
mathematical models created for these circumstances less effective. We will discuss the potential
use of the piecewise ordinary differential equations with a cancer model in this part.

Think about a woman who has breast cancer. Assume that following surgery, chemotherapy and
radiation are also used in instances when cancer cells are more prone to spread throughout the body
[8,9]. The piecewise system that models the two processes in which chemotherapy is applied in the
first process; chemotherapy and radiotherapy are applied in the second process [9] is obtained as
follows in order to model the change in cancer cells when these two treatment methods are used
consecutively in the patient:

4L = aT (1-0T) — E.CT

A :dCchC(l—EC) ifo < t<t (35)
ar =0
9T = T (1 —bT) — 1(EDT+ECT)
e —d,E, (1-E,)
d%Csz( E,) ift, < t<T.
dgl d1 By (1 — Ey)
d?_ —C

Here the function T is the number of tumor cells, a is the tumor growth rate, and b is the
reciprocal of the tumor carrying capacity. The function E. describes the efficacy of the chemotherapy,
the function C'is the concentration of the chemotherapy, v is the decay rate of the concentration, D
is the amount of radiation, F, is the efficacy of the radiotherapy, F; is the efficacy of the combined
radiotherapy and chemotherapy, d., d, and d; are the growth rate of the efficacy.

13



5.1.1 Numerical solution of tumor growth model

The resultant model cannot be solved analytically due to its nonlinearity; thus, a precise numerical
method known as the predictor-corrector will be used and modified within the framework of piecewise
to solve the model. Figures in this subsection will provide examples of numerical simulations.

4L = aT (1-0T) — E.CT

= deE.(1-F) 0 < t<t (36)
G = C
4T = oT (1 - bT) — Ey (E, DT + E.CT)
Z"? =d,E,.(1-E,)
%C:chc(l—Ec) ift, < t<T
2L = diEy (1 - Ey)
% =-0C
We shall use some notations for simplicity
X = (15, B, G),
Vo = (15, Erj, Ecj, Ej, Cj)
[ aT (1 -0bT) - E.CT
Fr = d.E.(1-E.) ,
I —C
[ aT (1 —bT)— By (E,.DT + E.CT)
d.E.(1-E,)
G:Fn = dcEe (1 - EC) >
d1Ey (1 - Ey)
i —C

such that ¢ = 1,..,3,m = 1, ..., 5. The numerical solution of above system is obtained as

{ X (thy1) = X (tn) + L [F (ty, Xp,) + Ff (tre1, XP1)] .0 <t <y,
Y (tes1) =Y (te) + &[Gy (te, Xiy ) + Gy, (trg1, YiE) | i <t <T 0

where

X* (tk+1,X’€+1) = X(tk)+hFl* (tk,Xk),
Y™ (tk_H, Y’f_,'_l) =Y (tk) + thn (tk, Yk) .
In Figure 6, the numerical simulation is given for the following initial data
x(0) = 700,y(0) = 0.1, 2(0) = 0.1,u(10) = 0,v(10) = 0,
and parameters
a = 5x107" b=0.0002, D = 100,d, = 0.18,
d, = 0.19,d; =0.22,v =0.009,¢;. = 10,T = 30.

14
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Figure 6. The numerical simulation for Arneodo-Bouali chaotic system.




6 Applications to chaos

Nature is filled with chaos, or exponential sensitivity to minor disturbances. Chaos is also expected
to serve a variety of functional purposes in biological systems. Recently, with certain restrictions,
methods for identifying chaos from empirical observations have been developed. Noting that such
techniques need to be a crucial part of the biologist’s repertoire. However, conventional algorithms
for chaos identification are very sensitive to measurement noise and dissect typical edge situations,
making it challenging to find chaos in fields like biology where data are noisy. Mathematical models
are intended to simulate these observable phenomena. While some of these processes have been
successfully replicated using current mathematical techniques, others still require proper modelling.
The piecewise idea is used in this section to illustrate an expanded class.

6.1 Hybrid chaos: Arneodo and Bouali chaotic model

We consider a piecewise differential system where the first part is Arneodo chaotic model that
describes the dynamics of triple convection [12], the second part is Bouali chaotic system [11].

dr __
a =y
dy _ if0 < t<ty (37)

dt
dz __ 3
T =ar+by+cz—x°.

%zalx(l—y)—ﬂz

%:gbly(l—a?Q) ift;, < t<T
@ =
where initial conditions are taken as
z(0) =1,9(0) =1,2(0) = —0.02 (38)

The parameters are a = 0.8,b = —1.1,¢ = —0.45,a; = 0.003,8 =1.2,b; = 0.1, u = 0.7.

6.1.1 Numerical solution of hybrid chaotic system

In this subsection, we consider hybrid chaotic system which is the combination of Arneodo and
Bouali systems.

de __
ax =Y
W — f0<t<t (39)

dt
dz _ _ .3
G =ar +by+cz—a”.

2 (0) = 0.1,y (0) = 0.1,z (0) = 0.1,

G =pr(l—y) - B2

] =d—by(1—x2) ift; <t<T,
@ = H

z(t) =0.1,y(t) =0.1,2(t) = 0.1.
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The initial conditions are taken as
z(0)=1,9(0)=1,2(0) = —0.02 (40)

The numerical simulations are depicted for the parameters p = 0.003, 5 =1.2,0 =0.1,4 =0.7,a =
0.8,b=—1.1,¢ = —0.45,t; = 1000.

i SyFTIAL - yPTIAL
Y +Zk—2{ 12V Jr%ykAt A0 <t <ty
T (tny1) = 1% (awk_2 (1 —yk= ) B2k~ 2) At . (41)
AR DR e (T (e T B e E 1) At S| ift <t<T
+135 (aa® (1 - y*) - B2F) At
o i D k2AE — 1AL )
ey =2y P 28, At JAF0<t <t
12
Y (tng1) = % (*blyk72 (]_ 2]“74)) At ) (42)
v+ rsiisy 3 _blyk L1 -2 ) At |, ifty <t <T
+35 (=bay® (1 - 22)) At

ax™ + by™ + ¢z — 3"

‘ % (amk*2 +byF? 422 — xgk’ﬁ) At
+3 08 —3 (az® 1+ byk- 1+czk PoaBh=3) At 3 ,if0<t <ty

"

z (tn1) = +%g (ax + byt + cz — m%) At (43)
k—2 k—1
1 n T TEAL — p:c At .
{z +§jk_i+3{ mmkAt Jifty <t<T
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In Figure 7, we depict the numerical simulations for above hybrid chaotic model.

=10

it}

x
[=]

a5

Figure 7. The numerical simulation for Arneodo-Bouali chaotic system.

Replacing the first equation by the second one, the modified piecewise system called as Bouali-
Arneodo chaotic can be written as
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%=px(1—y)—ﬂz
-£:=QMy(1—w%
@ = e

z(0)=1,9(0)=1,2(0) =

= —0.02,
o _
gt

fo<t<ty

dt
dz
dt

=ar+byt+cz—=

ift; <t <T,
3
z(t1) = 0.1,y (t1) = 0.1,z (t;) = 0.1.
0.001,a = 0.3,b; =0.1,c = —0.45,¢; = 800.

In Figure 8, the numerical simulations are depicted for the parameters p =3, 8 =2.2,b=—-1.1,u =

Figure 8. The numerical simulation for Bouali-Arneodo chaotic system.

19



6.2 Hybrid chaos: King-Cobra and Wang-Sun chaotic models

In this subsection, we deal with the combination of King Cobra chaotic system introduced in [13]
and Wang-Sun system which exhibits 3-D four-wing smooth autonomous chaotic property [14]

Z—f:a(yfx)+byz2
%:cx—i—dsz ifo < t<ty
L — ez + fu

dr __
G = a1xr + biyz

%:clx—i—dly—xz ift; < t<T.
%:elxy—l—flz

The parameters are a = 0.05,b=1,c=1,d =0.5,e = =2, f = —1,a1 = 0.2,b; = 1,¢; = —7,d; =

0.0001,e; = 0.7,, f1 = 0.4.

6.2.1 Numerical solution of hybrid chaotic system

(45)

In this subsection, we consider hybrid chaotic system where King-Cobra and Wang-Sun chaotic

systems are combined.

9% =aly—x)+by2?
Z—?zcw—i—dmzz ifo<t<t
%:ez+fz

2 (0) = 0.1,y (0) = 0.1,z (0) = 0.1,

Z—f:a1$+blyz
%’:Cll‘—Fdly—xZ ifty <t<T,

L =ewy+ frz
z(t) =01,y (t1) = 0.1,z (t;) = 0.1,.

The numerical scheme for this model is presented as follows

((1 (yn _ xn) + bynZQn
A % (a (yk—Q _ xk—Q) + byk—QZQk-—4) At
+ 3o —% (a (yk_l — wk_l) + byk_lz%_Q) At 3, if0<t <t
T (thy1) = +%3 (a (yk — :Ek) + bykz%) At
1% (alxk72 + blyk72zk72) At
o'+ Y iy 3 (a21xk'_1 oyt AL il <t <T
+15 (alxk + blykzk) At
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(cx" + dm"z”?
_ 1—52 (cgck_2 + dzk—222 _4) At
Fartay Dhee § 3 (T deb T2 AL B0 <t <t
Y (tur1) = +28 (o + dak?F) At

2
yl + ZZ:H—:% % (cla:k_l +dyyFt — a?k_lzk_l) At Jift <t <T

(48)

(ez™ + fa™) + EZZQ

2 (tn+1) = 3 (b 2y 4 f12F72) At
2+ s exzt Rl 4 2R A ,ifty <t<T

gez’H + faP AL L 0<t <t
3
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In Figure 9, we depict the numerical simulations for above hybrid chaotic model.

Figure 9. The numerical simulation for King—Cobra-Wang-Sun chaotic system.

6.3 Hybrid chaos: Chen-Lee and Labyrinth chaotic models

In this subsection, Chen-Lee system which is based on the Euler equations for the motion of a rigid
body [15] and Labyrinth system that describes the movement a particle which moves in a labyrinth
under the influence of some external source of energy [16] are represented by the folllowing piecewise
differential system

‘é—fzam—yz
g%:by—i—xz if 0
L iz

dr — _siny (at) — bz ()

IA

t <t (50)

Y= —sinz(at) —by(t) ifty < t<T.
% = —sinw (at) — bz (1)
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where initial conditions are taken as

z(0) = 1,y(0)

The parameters are a = 3, § =2.2,b=1,u = 0.001.

6.3.1 Numerical solution of hybrid chaotic system

In this subsection, we consider hybrid chaotic system which is the combination of Chen-Lee and
Labyrinth chaotic systems.

dz
& =ar —yz
&

Y =by + a2 fo<t<t (52)
& =cz+ 2
dt 3
2(0) = 0.1, (0) = 0.1, 2 (0) = 0.1,
4 — —siny (art) — by ()
Y = —sinz(art) — by (t) ift1 <t <T,
T = —sinx (a1t) — brz (t)

z(t1) =0.1,y (t1) = 0.1,z (t;) = 0.1,

where initial conditions are taken as

2(0) =1,5(0) =1,z (0) = —0.02 (53)

The parameters are taken as p = 0.003, 5 =1.2,6=0.1,u =0.7,a = 0.8,b = —1.1,c = —0.45,t; =
1000.

ey, D ety A b ro <<t

Z (tnt1) = 2 (az® — yk2¥) At . (54)
1@ (— siny (artg—2) — blxk’z) At

-3 gf siny (a1tg—1) — biz* 1) At Lift <t <T

+1—g (— siny (a1tg) — blxk) At

(bz™ + z™2"™)
£ (bah=2 + ah 2R 2) At

: 2
+ 31y Yoo 3 (bah =t kIR AL B if0<t <ty

Y (tny1) = +23 (bak + 2k 2) At . (55)
15—2 —sinz (artg—2) — blyk_g) At
Y'Y | s (osinz(aten) — byt AL o ST

+1—§ (— sin z (a1tg) — blyk) At
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k—2

k—2
(e 25 o
(cz” + znyn) + 22:2 —% (czk_l + %) At 3, if0<t<#

3
2 (tns1) = +2 (czk + 20 A . (56)
1—52 (— sinz (a1tg_2) — blzk_2) At
Y isy —3 g— sinz (artp—1) —bi12" )AL |, ift <t <T

—|—£ (— sinz (a1ty) — blzk) At

In Figure 10, we depict the numerical simulations for above hybrid chaotic model.
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Figure 10. The numerical simulation for Chen-Lee-Labyrinth chaotic system.

6.4 Hybrid chaos: Chen-Lee, Labyrinth and Dequan-Li chaotic models

In this subsection, we combine 3 well-known chaotic systems where the first part is Chen-Lee system,
the second part is Labyrinth system and the last part is Dequan-Li system which is three-dimensional
quadratic autonomous chaotic system displays an attractor with three scrolls [17].
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ar = ar —yz
P =by+zz H0<t<t (57)
& =ct¥
z(0) = 0.1,y (0) = 0.1,z (0) = 0.1,
o5 = —siny (art) — bz (¢)
G=—sinz(at) —by(t) ift1 <t < o,

az

T = —sinz (a1t) — byz (t)

z(t)) =01,y (t) = 0.1,z (t;) = 0.1,
%*@2( —z) 4 dxz
d%—px—&—(y—xz ifto <t <T,.

& =2 tay—ex?

where initial conditions are taken as

z(0) =1,9(0) =1,2(0) = —0.02 (58)
The parameters is taken as p = 0.003, 5 = 1.2, =0.1,4 = 0.7, = 0.8,b = —1.1,¢c = —0.45,t; =
1000.
6.5 Numerical solution of hybrid chaotic system

In this subsection, we present the numerical solution of piecewise chaotic system where Chen-Lee,
Labyrinth and Dequan-Li chaotic systems.

(CLLEn 7ynzn)
%(axk—z_yk 2, k—2
—i—ZiZQ —2 (az®=t —yh~ 1’“ D) Af0<t <ty
5(+§§(amk—y )A )
_ ’ 2 (—siny (a1tp—2) — biz"~2) At
l'(tn+l) x1+22—l+3 _%( lny(altk 1 —blﬁC 1)A 7 lftl Sté tg, . (59)
+%‘3 (—smy(alt;€ ) — bz )A
5 (ay (42 — 252 1 ba*22) At

2+ 3 s 2%(&2 y’H— F=1) 4 gak ’ HN)AE B lifty <t < T,
+2 (ay (y* — 2¥) +5zkzk) At
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(bz™ + z™2™)
S (bak=2 4 zF—22F72) At
qfo<t<t

12

_ 4 b.’lﬁk_l—l—xk_lzk_l) At
—|—% (bm”C + mkzk) At

—sin z (artg—2) — blykfz) At

—sinz (arty_1) — biyF~1) At ,if ) <t <t

Yy (thrl) = n
TR D D 3 (
+23 (— sin z (arty) — blyk) At
k—2 xk—QZk—Q) At
Jifty <t<T

(60)

w
~

+ﬁ 22:2

3 (czk_2 + Ty k_2> At
k— k—1
+)At Af0<t<t

(cz” + In3yn> + 22:2 - (czk lyz
23 k kyk
+35 (e + 5
5 » k—2
2 (tni1) = 3 (—sinz (arty—2) — biz
" 2> i g —sinx (a1tp_1) — b1zF~1) At
+Tg (— sinx (a1ty) — blzk) At
B (yzh=2 4 gh=2yh 2 g1y Af
Rl gh=lyh=l — eq2h=2) Ag Jifte <t <T

p)
%(723 ko koK 2%
2 (y2b + ahyk — ea?*) At

2At
At . (61)
) if ty <t< t27
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In Figure 11 and 12, we depict the numerical simulations for above hybrid chaotic model.
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Figure 11. The numerical simulation for Chen-Lee-Labyrinth-Dequan-Li chaotic system.
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Figure 12.The numerical simulation for Chen-Lee-Labyrinth-Dequan-Li chaotic system.

6.6 Deterministic-Stochastic Hybrid chaos: Bouali and Arneodo chaotic
models

In this subsection, we suggest the combination 2 chaotic systems where the first part is deterministic
Bouali system and the second part is Arneodo chaotic system with stochastic constant.

W— _py(1-2?) 0 < t<t (62)

dx = ydt + o1xdB; (t)
dy = zdt 4 o2ydB; ()

if 1
dz = ( ax+by3 )dt—l—ngng (t)

N
~
IN
N

“+cz —x
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6.6.1 Numerical solution of deterministic-stochastic hybrid chaotic system

In this subsection, we consider hybrid chaotic system which is the combination of deterministic
Bouali and Arneodo systems with stochastic constant

da

dilia’x(lfy)fﬁz )
L=-by(l-2%) if0 < t<t

@ = ne
dx = ydt + o12dB; (t)

dy = zdt + o2ydBs (t)
dz = (

ift, < t<T
ax + by = =
+cz—z dt+0'3ZdB3( )
where initial conditions are taken as
z(0)=1,y(0)=1,2(0) = —0.02 (64)
The parameters are taken as a =3, § =2.2,b =1, = 0.001
(ax'll( y 62:”)
5 (amk_2 1 — k-2 k- 2)
, 12
+3 50y —3 (azk? (1fy 1) ﬁzk DAt ,if0<t<t
+% (axk ( — ) —ﬁzk) At
T (tpy1) = 1 n %yk_QAt k=1At (65)
xt + Zk:i+3 —l—%ykAt
2 (B (tk—1) — By (ti— 2 0196 ,ifty <t <T
"’ZZ—H-?, _%(Bl( k) — B1(tr-1) 01$
+% (B (tk+1) B1 tk O'1.’,E
5 (71133/21 (1 2k 4
% 1%4( bykfl(l p2k— 2)
@) D=2y —3 gg_by _k(l ) Jfo<t<t
+35 (=by* (1—2%)) At
Y (tng1) = n Z2E2AL -4 k TAt (66)
U Dk c2 Ay
3 (Ba (tg—1) — Ba (tr— 2 029 yift <t < T
+EZ:1'+3 _%2(32( ) By (tk 1 U2y
+23 (By (tkt1) — Ba (tr)) o2y*
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23,k
—2 ’j:%_le kAf2 3k—6

p) + by T+ cz —r ) At
2t + ZZ:iJrs % (axk—l + byk—l 4ozl x3k_3) At
2 (az® + byk + c2¥ — 2%F) At

Bs (tg—1) — Bs (tp—2)) 032" 2

(Bs (tx) — Bs (tk—1)) 052"

+43 (Bs (trr1) — Bs (t)) 032"

. 5 k—2 _ 4 k—1
uw”+22=2i”‘“ Ao AL o <<y
X

z (tn+1):
Jift, <t<T

(67)
In Figure 13, the numerical simulations are presented for above hybrid chaotic model.

Figure 13. The numerical simulation of deterministic Bouali and stochastic Arneodo system

for 01 = 0.0015, o2 = 0.002, o3 = 0.0019.
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7 Conclusion

Although many processes in nature cannot be accurately duplicated using current conceptions, exist-
ing mathematical concepts have been applied to understand nature with considerable effectiveness.
Therefore, researchers concentrate their efforts on developing new terminologies, frameworks, ap-
proaches, and ideas that could be utilized to comprehend the complexity of nature. This is one of
the main causes for the introduction of various differential operators and the accompanying integrals
in recent decades, which have greatly enhanced modeling. The ideas of piecewise differential and
integral operators and piecewise functions, on the other hand, were introduced by mathematicians
in response to changes that were noticed at various temporal or spatial scales. Although these two
ideas, especially piecewise functions, have been theorized about. There are still processes in nature
that existing models are unable to faithfully duplicate, despite the fact that these two notions, no-
tably piecewise functions, have been employed in theory and applications to model processes with
various patterns. In this work, we propose several piecewise differential equations and provide some
significant conclusions that range from theory to application. These results are based on the piece-
wise derivative notion and piecewise functions. Theoretical and practical avenues will be opened by
this extension.
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