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1 Introduction

The self-organization process is found in many natural structures and represents the
main concept of the Systems Science field. It sometimes refers to the formation of vari-
ous patterns in some physical and biological systems. For instance, we can see it in the
rippled dune formation in a sand desert or in the cells combination that creates highly
structured and ordered tissues. In most of these systems, the order and structure are
acquired thanks to the proximate means characterizing them. It is then possible to view
the pattern formation at the global level of the structure due to interactions between
components of lower levels. The whole process is specifically governed by natural selec-
tion characterizing physical and biological systems. However, some other systems (found
in nature) can become organized due to external commands, for instance, human inter-
ventions (protocols, algorithms, simulations) that lead to the building of sophisticated
societies, structures or machines. We are exploring the later case with the specific domain
of wave-motion where the model of Harry Dym is considered [1Hg].

It is important to recall that the self-organization process is closely related to the dy-
namical system theory. A number of dynamical systems have been investigated several
times in the course of science history, but the concept remains fascinating for scientists.
One of the reasons is the unpredictable trajectories that characterize the vast amount
of applications found in engineering, physics, biology, (applied) mathematics, and med-
ical sciences [4,[9H12}/14]. A simple example includes the study of chaotic systems with
complicated bifurcations that exist there. The literature comprises diverse types of dy-
namical systems [10,{11}]13H15], namely, the classical dynamical system and also the open
dynamical system. The later can be seen in Fig[l] where different orbits and trajectories
can be observed. It starts with the initial trajectories (Fig (upper right)) of an agent
dynamical system in isolation in its suitable space S;. The process goes on with a de-
coupled agent dynamical system, see Fig (upper left), well defined on its suitable total
space &, and which joints together to form the total system shown in Fig (lower left).
The system is completed by the projection or paths, see Fig (lower right), showing how
an agent behaves in a particular environment (S;). The behavior of the system in this
last space (Sy) is the major symbolism at the core of the so-called open dynamical system
as it contrasts with the agent in isolation (Fig[l] (upper right)). Particularly, the orbits in
the open phase portrait for the embedded agent dynamical system (Fig{l| (lower right))
overlap, which is not the case for those of the agent in isolation (Figupper right)).
This is what makes open dynamical systems generally hard to study. This statement
is supported by the types of dynamics observed in complex systems like fractals. Some
of these dynamics are depicted in Fig[2 and Fig[3] These representations show differ-
ent sorts of waves involved in fractal-type motifs. The fractal patterns are artificially
(numerically) formed due to mathematical simulations issued from modeling the type of
movements observed in nature around us. The fractal motif include sound-type fractal
waves, heat-type fractal waves, particle fractal waves, ocean chaotic fractal waves, spiral
wave fractal swirls, fluffy cloud chaotic fractal wave spirals, chaotic fractal light waves
and so on.

1.1 Approximation results for the classical Harry Dym model

Let Q = (a,b), R>T >0R>b>acRand g € C°[[0,T] x Q]. Let a € [0;1],8 €
(0, +00), then consider the non-linear Dym equation in its classical form. Existence and
uniqueness of the exact solution are shown for the model under investigation that reads
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Figure 1: Basic principle of the open dynamical system. We can see the initial trajectories (upper
right) of an agent dynamical system in isolation in its suitable space Sx. The process goes on with a
decoupled agent dynamical system (upper left), well defined on its suitable total space & and which
joints together to form the total system shown (lower left). The system is completed by the projection
or paths (lower right) showing how an agent behaves in a particular environment (Sr). The behavior of
the system in this last space (Sx) is the major symbolism at the core of the so-called open dynamical
system as it contrasts with the agent in isolation (upper right). Particularly, the orbits in the open phase
portrait for the embedded agent dynamical system (lower right) overlap, which is not the case for those
of the agent in isolation (upper right).

(@ (b)

Figure 2: Simulation showing different sorts of waves involved in fractal-type motifs. The fractal
patterns here are artificially (numerically) formed due to mathematical simulations issued from modeling
the type of movements observed in nature. In (a) we have sound fractal waves, in (b) heat fractal waves,
in (c) particle fractal wave and (d) ocean chaotic fractal wave.



528 H.M. TENKAM, E.F. DOUNGMO GOUFO AND S. KUMAR

(@) (b)

(©) (@

Figure 3: Simulation showing different sorts of waves involved in fractal-type patterns. The fractal
motifs here are artificially (numerically) formed due to mathematical simulations issued from modeling
the type of movements observed in nature. In (a) fractal wave multi color motion glowing lines, in (b)
spiral wave fractal swirl, (c) fluffy cloud chaotic fractal wave spirals, in (d) chaotic fractal light waves.

as

9 _ 3

subject to the initial condition
9(0,2) = go(x) (2)

with g: Q+— Ry

The function g can be approximated in the form
o0
g(t,z) = ZejHj(x)v (3)
j=0
here the coefficients e; are given by

1
e = 2¢ / o(t, 2)H, (z)dz, (4)

where j = 2F 4+ 1, k> 0 and 0 < [ < 2*. Moreover, the 2-dependant function H;(z) is

the Haar wavelet function [1}/9,1618]

1 if L< p< 2
) p — p )
Hi(r)={ -1, if 2, b (5)
0, elsewhere
with p = 2¥, k = 1,2,---, L, where L denotes the chosen resolution’s level and [ rep-

resents the translation parameter which can take the values 0,1,--- ,p — 1. Because the
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series of function ¢(¢,x) comprises an infinite number of terms, it can be obtained using
the following definite sum:

g(t,x) = e;H (), (6)
§=0

which takes the form
g(t,z) =" epHp(z)

with ‘ep being the transpose of

€0 Hy
el H,
ep = : and Hj = .
€p—1 Hp,1

Now, using the Haar wavelet technique to solve the model and , we can assume

that the ¢-partial derivative %(t, x) is expandable as follows:

ot

2P
(tw) = eHj(z), t, <t<tp, (7)
j=0

where 2P is the number of collocation points calculated as

i —1/2
xi:ZQP/ , withi=1,2,---,2P. (8)

Integration of respectively with respect to variables ¢ and x leads to

2P
gwxm(t7 l‘) = gwxm(tra $) + (t - tr) Z ejHj (l‘>7
j=1

2P
Gza(t, 2) = Gaw(£,0) = Gua(tr, 0) + oo (tr, ) + (t — 1,) Y ;M (2)
j=1

and
2P ]
gx(t, x) = gx(t, 0) - g:c(tv"a O) + gm(tm x) + x[gm(t, O)] - gm(tra O) + (t - tr) Z ejM%(x),

which finally leads to

g(t,x) = g(t,0) + g(t,, z) — g(tr,0) + x[g2(t,0) — gu(t,0)]

+ % [gx (t,1) — g2(¢,0) + gz (t-,0) — gu(tr, 1)] 9)

2P

=D s (-5 M+ M)

j=1



530 H.M. TENKAM, E.F. DOUNGMO GOUFO AND S. KUMAR

where we have considered at the point z = 1 the operational matrix M defined in its
general expression for the indexes j =1+ p+ 1 by

_ e 1 I+1/2,
L(z —1/p)*, " if 7 1§/2x <
1 + s . + 1+1.
j _ ! (.Z‘—l/p) —2($— D ):|7 if TS T < TR
M (o) = 1 s +1/2ys I+1\s 1+1/2 I+1. (10)
L@ —tfp) —2e ~ L)y (@ - By, i B << L
0 elsewhere.

b

The differentiation of @D with respect to variable ¢ is followed by the discretization at
the point (., z;)

9(tri1, i) = g(tr+1,0) + g(tr, z5) — g(tr, 0) + 2i[ge (tr11,0) — gu(tr, 0)]
2
xl
+—- 92 [gw(tr+171) _gw( r+170)+gaz(th0) gw(tral)]

2P 2
(1 =) 3 e (~ 5 M + M) )
j=1
99 _ 9 992 7 092 99=
ot (try1, i) = ot (tr41,0) + x4 ot (tr41,0) + 9 [ ot (tr41,1) ot (tr41,0)]  (11)
2P 22 _
S e~ + M) ).
j=1

Still, using the discretization at the point (¢,,x;) and the substitution into leads to

2P 2 .
Zej <21M%(1) — Mé(l’i) + gg(traxi)(tTJrl -t )H ($’)>

j=1
_ g 3, N 7 0gx 99z
= ot —(trg1,0) = g°(tr, i) Goaa (tr, i) + 24 ot (tr+1,0) + 9 [ ot (tr41,1) + ot (tr+1,0)],
(12)
equivalently,
2P
Z < MJ (’l}l) -+ g (tr, $1)(tr+1 — tr)Hj (Iz)>
1 dg g
3 ) N _ _ | 22 _
+g (tra xz)gwxx (tra -rz) tr+1 — t [g(tr—i-lv 0) g(tra O)] Ty [015 (tr+17 O) at (tm O):|
a; dg dg g g
Tt —t) Ké%( e 1) = o (tr,1)> <8t( r+1,0) = = (tmO))] =0, (13)
where we have used the scheme
dg B 1
a(trﬂao) o=t [9(tr41,0) = g(tr,0)]
and 5 )
9 _ _
8t( r41,1) = tror — 1 l9(tr+1,1) — g(tr, 1)].
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a(tx)

Figure 4: Three-dimensional representation of the solution g(¢,z) to model (1)) and when go(z) =
2
x2.

Hence, equation allows the calculation of the Haar wavelet coefficients, which
are used to establish the numerical solution @D The related numerical simulations are
depicted in Figll] to Figlf| relating the usual wave dynamics with different given initial
conditions.

1.2 Recent progress in self-organization operators

To help with the advancement of sciences and try to understand and describe many
unsolved problems that were too complex to model, fractional derivatives were proposed.
Those operators have since shown their infinite importance in applied sciences modelling.
Today some authors classify them into two types: local and non-local [19+22|. Since the
moment when Riemann and Liouville proposed their integral, from which derivatives
of fractional were constructed, there has been a huge development in the domain with
various and variant definitions proposed by a number of authors. In fact, the latest
related literature comprises (but is not limited to) the following definitions.

Formerly:
RL D;Y

e The Riemann—Liouville derivative with fractional order 7y reads as

RL DY x—il 4 N —0)" " g (v, z) dv
Digtt0) = s () [ -0 Mawaan, (s

n—1<v<n.

e The Caputo derivative © D] with fractional order ~y reads as

CDYg(t,z) = ﬁ /Ot (t— o)1 (;i)ng (v, 2) dv, (15)

n—1<vy<n



532 H.M. TENKAM, E.F. DOUNGMO GOUFO AND S. KUMAR

1

\'\

ninm,

i

Il

-
=
=
s
-
-
=
-
s
-
-

'\.

N
=
g— . oy
-~

\
W\

Figure 5: Three-dimensional representation of the solution g(t,z) to model and when go(z) =
e’ — 1.

a(t.x)

17

Figure 6: Three-dimensional representation of the solution g(t, ) to model and when go(z) =
xe”.
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More recently [14,20,23,24]:

The Caputo-Fabrizio derivative “¥' D] with fractional order v reads as

CEDYg(t,x) = (111(7’1) /0 % (v,z) exp (—y(t —v)(1 =)~ ") dv,  (16)

where n(v) satisfies
n(0) =n(1) =1. (17)

The new-Riemann-Liouville derivative "f** D] with fractional order 7 is given by

"REDYg(t,x) = @-ynby) d /0 g(v,z) exp (—y(t—v)(1—7)"")dv. (1)

2(1—~) dt
The Atangana-Baleanu-Caputo derivative A2¢ D} with fractional order vy reads as
t
ABC n(y) 9g -
D]g(t,z) = =7 Jy 90 (v,x) Ey [—y(t —v)7 (1 =~)""] dv. (19)

In the definitions here above, the function g is assumed to belong to the Sobolev
space

S'(@B) = {919, o9 € L(aB). (20)

CGD;%Q

The Caputo-sense two-parameter derivative with fractional order ~y, when

knowing the parameter 6 € R, reads as
0n(v,6) [* g _ _
CG .0 _ ) 0—1 1
D tr)=——"-+ | =— t— E,o|—0(t—v)7(0 — d
t g( ,1') (9 — ’Y) 0 v (va) ( U) v,0 [ Y ( U) ( P)/) } v,
(21)
where 6 € R and n(v, 0) verifies n(0,1) =n(1,1) = 1.

Introduction to fractal-fractional derivative

Initially defined to be the convolution operation between a fractal differential operator
and the usual law functions found in fractional calculus, the fractal-fractional deriva-
tive [25] was introduced in order to attract and describe a huge number of non-local
problems in real life while respecting the fractal structure that characterizes them. In
the recent literature, one can find a number of versions for the definitions of fractal-
fractional operation and this mainly depends on the kind of law function we choose to
use. Some are given as follows.

Definition 1.1 We consider Q € R?, T € R, and assume that g(t,z) defined on
(0,T) x Q is t—fractal differentiable with the order v on the interval (0,7, then:

1.

The fractal-fractional derivative of g of order « in the sense of Riemann-Liouville
with the power law reads as
1 0

FRp Y — .

/O g (0.2) (b — 0)~do, (22)

o .
where 5= g is defined as

o’ t—to t —t]
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The generalized version of is defined by

1 o5 [
FRp 7S (¢ _ 9 t— 9" 7dY 23
Falt.a) =m0 (= 0) 7 (23)
with ¢ > 0 and % g given by
o° o 9o w) — g (t wo)
g (1 v0) = Jim, v —t] '

Similarly, the Caputo version of this definition can be given.

The fractal-fractional derivative of g of order « in the sense of Caputo with the
power law reads as

FCP ) gt ) = ﬁ /O %g (0, 2) (t — 9)~"dv, (24)

the generalized version is

1 b

FCrpYg(t,x) = g (¥, z) (t —9)"7dv. (25)

The following definitions are related to the exponential law.

. The fractal-fractional derivative of g of order v in the sense of Riemann-Liouville

with the exponential law reads as

FRe DY o(t, ) = (1“(3 );; /O g (9, 2) exp <W) a,  (26)

where n(0) = n(1) = 1, with

the generalized version

FRepYSq(t, x) = (II(V,)Y) 687;/0 g (9, ) exp (M) dy. (27)

. The fractal-fractional derivative of g of order « in the sense of Caputo with the

exponential law reads as

FCeplg(t,x) = (;1(_72)/) ; %g (9, z) exp (m) dy, (28)

with the generalized version

n(y) [* o

FCGD;Y,CQ(t7x) = (1 — ’y) ; 8197

g (9, x)exp (M) dd. (29)

The following definitions are related to the Mittag-Leffler law.
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5. The fractal-fractional derivative of g of order « in the sense of Riemann-Liouville
with the Mittag-Leffler law reads as

D) = s a0 B (T Yan, @)

where n(7) is a regularization function. Here the generalized version is

FRm DS g(t, x) = (ln('y)w 887;/0 g(0,2)E, (M) dy. (31)

6. Then the fractal-fractional derivative of g of order = in the sense of Caputo with
the Mittag-Leffler law reads as

FCmpIg(t,z) = (111(_72)/) /0 %g (¥, z) E, (W) do, (32)

where n(v) is a regularization real function related to the definition and with

the more general version given as

FOmpYs (4, z) = (f(a) 0/ a‘?; g(0,7) E, (M) d9.  (33)

Remark 1.1 In this analysis, we make use of the operator given by . To proceed,
we have to associate to it another great concept, its associated fractal-fractional operator.
Whence, we define the fractal-fractional integral of order -y, associated to 7 as follows:

YA - gt x) | A
n(y) n(y

t
FReqYg(t, ) = ] / v tg(v)dv, t>0. (34)
0

2 Self-Organization Process for Harry Dym Model

2.1 Stability of the fractal Dym model
In this section we consider the following system:
FREDYg(t,2) = §° g (t, @), (35)

subject to the initial condition

9(071') ZQO(x)’ (36)
where we have combined the Dym model with the fractal-fractional derivative |25} 26],
recalled to be defined in as

FRepYg(t, x) = (111(_7,)7) 8?7/0 g (9, x)exp (M) do, (37)

where n(0) = n(1) = 1. To proceed further in the analysis, the fractal-fractional operator
should be associated with its anti-derivative called the fractal-fractional integral of
order v, and given by

FELY gt x) = FZY)/O w g(x,@)(t — @) tdw, t>0. (38)
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We have solved the classical model in Subsection [1.1] using the Haar wavelet method,
which has provided a comprehensive analysis of the system and a global picture of the
dynamic in the absence of the fractal influence. We are now using the Legendre wavelets
method ( [27,[28]) to solve the fractal-fractional system f. Hence, we can trans-
form it into a compact form with the application of the associated fractional integral on
both sides of the model to have

FEDYg(t,x) = TMpPy(t), (39)

where the matrix ¥,,(¢) is given with the elements defining the Legendre wavelets which
are expressed by

Y (t) _{ 212\2m + 1L, (2't —n)),  if t €[5, ); w)

10, elsewhere.

Recall that the shifted Legendre polynomial, given by L7 . is defined on [0, 1] by L%, (t) =
L, (2t — 1), with (L, (2t — 1)), representing the family

142m m
Lo=1, L; = Ly, = Ly(x) — ——— Ly — , =12,---,N—-1.
0 , L1 =1, +1(2) m—l—lx (z) 1+m (), m
(41)
Recall also that we have considered N 3 J points @ = x1,z2,--- ,z7 and N is a positive
integer number, n = 1,2,---,2' —1and 1 =0,1,2,--- . M,, =T [m} ,m?2, ... m?] are

coefficients to be found with 7 M,, being the transpose of the matrices M,,, respectively.
Associating the initial conditions yields

g(t7x]) ~ TM'"L ;YnXm\I/m(t) + go(xj)’ (42)

where Q). is the Legendre operational matrix of integration and the subscript m

denotes its dimension. We know that [2728] that the Legendre wavelets can be expanded
into an m-term form as

U (t) = Tonxm Am(t), (43)
where A, (t) =7 [a1(t),as(t), - ,am(t)] are the block pulse functions so that

_ [l iftelEL Ly
a(t) = { 0, elsewhere " (44)
for each [ =1,2,---m, and Y is the Legendre wavelet matrix
1 3 2m — 1
T = [ (52) ¥ (35) -0 (%55
Now the substitution of into system leads to
g(t,z;) ~ TMrln ;YnXmeX"LAm(t) + [[g0(z)]i] Am (1), (45)

where
[lgo(z;)]i] = [[g0(x;)]1, go(x5)l2s -+, go(@5)]m]-



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 21 (5) (2021) 537

Now let

TMZ mX?rLmem Mlxm - [miyl’m;l"“ 7m%l] (46)

Now the use of the collocations points ¢; = %, 1=1,2,3,---,m, N €N, to disperse
t and the substitution of and into the system lead to

2
M em = 5 M5 (1) = M () 4 63 (s ) (b1 — £) Tacm ()

T .
+ m’{Qm;z’...,m;};{Q |:m¥]’m’2¥7j7'..7m77{j:| (47)
+lgo (@)1 [g0(z)]2, -+, [g0(@5)]m]-

Hence, we obtain this non-linear system of equations with 3m unknown coefficients
m]"*, 1<i<3, 1<1[<m,which are easily found using the Newton iteration method.
Then exploiting the model leads to the expected numerical solution (g(¢,x).

2.2 Error analysis

Consider N 3 J points © = x1, 2, -+ ,xy. We assume here that the solution g = g(¢, ;)
is a function whose second order derivative with respect to ¢ is bounded as

1

5
< ap.

o2

Making use of the Legendre wavelet schemes described here above to approximate the
solution ¢(t, z;) means it can be expanded as a uniformly convergent series that reads as

n=0m=0
with
m) = (g(t,23), Yum(t)). (48)

We have the following convergence results.

Proposition 2.1 Let i = 1,2,---,J € N and of > 0. Assume that the solution
g(t,x;) is a continuous function on [0,T] whose second order derivative with respect to t
1s bounded as

0%g

2
%

S a()v

then the coefficients m);L satisfy

(12)"/2af
(2m —3)2 (V2n)”

| nm|
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Proof. For i € N, let us consider the function g = g(t, z;) and using the definition of
the Legendre wavelet coefficients given in and taking into account , we have

1
m;} = / 9t 2:) b (D)t
0

n+1
ol

:/ g(t, 2:)2Y 3/ 2m + 1L, (24 — n)dt

/1+2m <n+§ -)L*(g)dg
n—+¢§

(where we have changed the variable as t = ——)

m / ”“7 ) (Lia(€) — Loy 1 (6)) d
W€\ (Laal® L) Lia(€) = Ly s(©)
s [ o () (Pt I L0l = BnslO) o

where we have used the derivative properties of the shifted Legendre polynomials [27][28].
Hence

1
(2m + 1)251+2

9% <n+€7 >H<L;+2 — Lo () L€~ Li, m)‘dg.

m | <

1
/
Developing the right-hand side of the inequality and making use of the constraint property

|7”(t)| < af and the orthogonality property of the shifted Legendre polynomials finally
lead to

< o (12)*/20}
i V2m+1 2(5/2)“rl 2m 3) 2m—1 (2m — 3)2 ( /2n)5

and the proposition is concluded. This result leads to the following error estimate.

(49)

dot? 2! 6+ 4m —2+4m

Corollary 2.1 Leti=1,2,---,J € N and af > 0. Assume that the solution g(t,z;)
is a continuous function on [0, 1] whose second order derivative with respect to t is bounded
as

o=
then the error made when gpn = 22 - Z m) L, (t) approzvimates g(t, x;) satisfies

Ajy < (12)'%ag Z Z 32n5(2m — 3)4"

n=2! m=N
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Figure 7: Three-dimensional representation of the solution g(¢,z) to model (35)—(36) when go(z) =

6 _
10€” and v =1.

2.3 Numerical applications

Now, having solved the model and shown its stability results, we perform in this section
some numerical simulations showing the behavior of the fractal-fractional system (35[)—
(36). The graphs in Fig to Fig show such behavior in three-dimensional and two-
dimensional space. In Fig[7] we can see the three-dimensional representation of the
solution g(t,2) when v = 1 with go(z) = $e*. The two-dimensional representation is
depicted in Fig For v = 0.85, the behavior of the solution g(t, z) changes as depicted in
Fig[9) - Fig[10]in three and two dimensions, respectively. The dynamic becomes involved
in a self-organization process. This process consists of structuring itself in such a manner
that the initial object is replicated approximately exactly to itself or to a part of itself.
The process continues with the self-organization process which expands and multiplies
in a similar way, for 7y = 0.65, as shown in Fig[T1] - Fig[12] Briefly, the system is shown
to create diverse pattern formation processes, in this case, very important in the wave-
motion domain. Thus, the system is capable of artificially structuring the fractals using

mathematical concepts, numerical techniques, codes and simulations.

3 Concluding Remarks

We have combined some mathematical concepts and been able to model, solve and sim-
ulate a self-organization process related to the dynamics of wave motion. The resulting
model, that includes the Harry Dym system, the fractal and fractional operators, has
been solved numerically and its stability results have been given. Numerical simula-
tions have proven a dynamic involved in a self-organization process where initial objects
are replicated and various fractal patterns are formed. Numerical simulations have also
proven that the fractal patterns vary with the fractional order derivative. Hence, this
paper improves the preceding works in the domain as it reveals a system capable of
artificially structuring the fractal patterns using mathematical concepts.
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Figure 8: Two-dimensional representation of the solution g(¢, z) to model 7 when go(z) = 1£

0’
and v = 1.

0.5~

Figure 9: Three-dimensional representation of the solution g(t,z) to model (35)—(36] when go(z) =
%e” and v = 0.85. Here, the dynamic is involved in a self-organization process, which consists of getting

a structure in which the initial object is replicated approximately exactly to itself or to a part of itself.
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0.5 T T T T T T T

o 0.25

Figure 10: Two-dimensional representation of the solution g(t,z) to model 7 when go(z) =
%ex and v = 0.85. Here, we can see the projection on the plan (¢, g) of the self-organization dynamic.

0.25+,

a(tx)

Figure 11: Three-dimensional representation of the solution g(t,z) to model ([35)—(36) when go(z) =
l%ez and v = 0.65. Here, the self-organization dynamic is maintained and continues further, as it expands

and multiplies in a similar way.
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o 0.126

Figure 12: Two-dimensional representation of the solution g(t,z) to model (35)—(B6) when go(z) =

l%el' and v = 0.65. Here, we can see the projection on the plan (t,g) of the self-organization dynamic

that is maintained and continues further, as it expands and multiplies.
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