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NUMERICAL SIMULATIONS FOR VARIABLE-ORDER
FRACTIONAL NONLINEAR DELAY DIFFERENTIAL
EQUATIONS

N. H. SWEILAM, A. M. NAGY, T. A. ASSIRI, N.Y.ALI

ABSTRACT. In this paper numerical studies for the variable-order fractional de-
lay differential equations are presented. Adams-Bashforth-Moulton algorithm
has been extended to study this problem, where the derivative is defined in
the Caputo variable-order fractional sense. Special attention is given to prove
the error estimate of the proposed method. Numerical test examples are pre-
sented to demonstrate utility of the method. Chaotic behaviors are observed
in variable-order one dimensional delayed systems.

1. INTRODUCTION

In real world systems, delay is very often encountered in many practical systems,
such as control systems [8], lasers, traffic models [19], metal cutting, epidemiology,
neuroscience, population dynamics [30], chemical kinetics [13] etc. Delayed frac-
tional differential equations FDEs are correspondingly used to describe such dy-
namical systems. In recent years, delayed FDEs begin to arouse the attention of
many researchers [18, 19, 26, 30, 31]. Simulating these equations is an important
technique in the research, accordingly, finding effective numerical methods for the
delayed FDEs is a necessary process.

The effective methods and their development for numerically solving fractional
differential equations (FDEs) have received increasing attention over the last few
years. Several methods based on Caputo or Riemann-Liouville definitions [9] have
been proposed and analyzed. For instance, based on the predictor-corrector scheme,
Diethelm et al. introduced Adams-Bashforth-Moulton algorithm [16, 17, 31], and
mean while some error analysis presented to improve the numerical accuracy. In
recent years, the application of the method is extended to more concrete physical
and mathematical models [28].

Variable order differential equations, i.e., differential equations where the order
of the derivative changes with respect to either the dependent or the indepen-
dent variables, have not received as much attention as fractional order systems,
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despite of the ability of variable order formulations to model continuous spectral
behavior in complex dynamics, see ([1, 7],[10]-[12],[14]-[16],[22],[23],[27]). Many au-
thors have introduced different definitions of variable order differential operators,
each of these with a specific meaning to suit desired goals. These definitions such
as Riemann-Liouville, Griinwald, Caputo, Riesz ([4]-[6],[25]), and some notes as
Coimbra definition [2, 3].

The main aim of this paper is to study numerically the variable-order fractional
delay differential equations (FDDEs) by using the Adams- Bashforth-Moulton method.
This paper is organized as follows. In Section 1, we give some definitions and
mathematical tools of variable-order fractional calculus. In Section 2, we introduce
the known Adams- Bashforth-Moulton method, moreover, the effectiveness of the
Adams-Bashforth-Moulton method for solving variable-order fractional differential
equation is illustrated, and the error analysis is also estimated. In Section 3, nu-
merical test examples are presented. Finally, the conclusion is given in Section
4.

2. SOME MATHEMATICAL TOOLS

In this part, we give some definitions of fractional derivative and variable-order
derivative [14]-[16],[24],[26]-[29].
Definition 1 Let f € C, and o > —1, then the (left-sided) Riemann-Liouville
integral of order p, p > 0 is given by
t
II'f(t) = = /(t — )P f(rydr, t>0.

L'(p) )

Definition 2 The (left sided) Caputo fractional derivative of f, f € C™, m €
N U {0}, is defined as:

o500 - { FF), p=m,

PRIy 1< < m, meN.

Note that for m —1 <y <m, me N,

m=L ok k
LD =10~ X GO,
v C(v+1) v
It =ttt
Definition 3 Let a(t) be a positive real number, f € C™[0,T],t < T, and m =
[maxogtST {Oé(t)}] +1. Then

N
D20 5(0) = Jim s S -1# (9 ) 0~ ki), )
N=0 hiy k=0

with hy = (t — 0)/N being called the Griinwald-Letnikov variable-order fractional
derivative of order «(t) of the function f.

Definition 4 The Riemann-Liouville variable order derivative is defined as fol-
lows:

D10 = gy () [ @@
0



JFCA-2015/6(1) NUMERICAL SIMULATIONS FOR VARIABLE-ORDER FRACTIONAL 73

where m = [maxo<;<7 {a(t)}] + 1, m € N provided the right side is point wise
defined on t > 0.

Let a(t) > 0, be a continuous and bounded function, f(7) € C™]0,t], and
0 <7 <¢t. Then

£ ()
Da(t)f(t) — (m a(t)) f (t—7)a(™M+1- de? m—1 S Oé(t) <m, (3)
ddt{,@, at) =m.
is called the Caputo variable-order fractional derivative of f(t) where m = [OmtaéxT {a(t)}]

+ 1 and T'(.) is the Gamma function.

3. THE ADAMS-BASHFORTH-MOULTON METHOD

In the following we apply the Adams-Bashforth-Moulton predictor-corrector
method to implement the numerical solution of variable-order nonlinear FDDEs.
Let us consider the following variable-order fractional system:

DFOy(t) = fy(t)y(t =), te[0.T), 0<a)<1. )

y(t) = g(t)v te [77—7 0]7 (5)
where f is in general a nonlinear function.
Also, consider a uniform grid {¢t, = nh:n=—k,—k+1,...,—1,0,1,..., N} where
k and N are integers such that h = 7/k. Let

yn(t;) =g(tj), j=—-k—-k+1,..,-1,0, (6)
and note that
yn(t; — 7) = yn(jh — kh) = yn(t;—r), j=0,1,2,...,N. (7)
Applying I, (ﬁ“) on both sides of (4) and using (5), we claim to:
bt
) = 9(0) + Foo—s / (s = Q"7 (O y(C TG (8)

Further the integral in equation (8) is evaluated using product trapezoidal quad-
rature formula. Then we have the following corrector formula:

ha(t"+1)
Yn(tns1) = 9(0) + mf(yh(tn+l)ayh(tn+l —7))
ha(t,H,l
- n , t —
T et 12 Zaj Y CRARCEE)]
or
he(tnia)

Yn(tnt1) = g(0) + mf( Yn(tns1), yn(tnsy1-1))

he a(tny1) (9)

+mzaan+lf on(t3); yn(t5-1)),
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where
ROt — (= afty )0+ D0, =0,
ajnr1 =9 (n—j+2)2 )t 4 (n — jyaline) Tl —9(n — j 4 1)ttt 1T < j <,
L, j=n+1,
(10)
6yn7m+2 + (1 - 6)yn7m+1; Zf m > 17
ti k) R Upy1 = . 11
unlty=) = v { iy + (L= 0)yn, if  m=1, (1

0 < § < 1, and the unknown term y(¢,+1) appears on both sides of (9). Due to
nonlinearity of f equation (9) can’t be solved explicitly for yp, (tn41), so we replace
the term yp,(tn41) on the right hand side by an approximation y? (t,41), which
called predictor. The product rectangle rule is used in (8) to evaluate predictor
term

Yp(tns1) = 9(0) + » Zb] n1f (Wn(t5), yn(t; — 7)),
or
Yp(tns1) = g(0) + ™ Zbg nt1.f (Yn(t5), yn(ti—k)), (12)
where
b = ha(tm-l) ((n it 1)04(,5”_*_1) _ (n —j)a(t"+1))- (13)
hr a(tny1)

4. ERROR ANALYSIS OF THE ALGORITHM

First we introduce the following two lemmas and Lipschitz conditions which will
be used in the proof of main theorem.
Lemma 1
(a) Let z € C1[0,T], then

tn41 1
yaltnir) . / @(tn+1)
/0 (tpy1 — )0 t)dt ij n12(t5)| < a(th)HZ ooty 1" .
(14)
(b) Let z € C?[0,T), then
tnt1 Az T, (tn+1)
/o (g1 — )2 )7 2 () dt — Zay n412(85)| < Oy, 17 ootnii ™0
(15)

Proof. To prove statement (a), by construction of the product rectangle formula,
we find in both cases that the quadrature error has the representation

tn+1 (]+1)h 1
/ (tng1—t)* e "1 (b)dt— E bjnt12(t E / (tnp1—t)* )71 () —2(t5))dt.
0 j

j=0"h
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We apply the Mean Value Theorem of differential calculus to the second factor of
the integrand on the right-hand side of the above equation

tn41 i n (G+1)h
/ (tn1 — O @) dt — 3 by 2(t)| < 112 Z/ (tny1 — £)*En =1 — jp)dt
0 jh

=0 j=0+7
pitattnin) M 1
= ||z’ 0o nt+1l—j 1to(tn41) _
Iy L Ty 1)
(n _ j)1+a<tn+l)} _ (n _j)a(tn+1))
1+a(tnt1) 1)1+altn+1) n
= 1 sl )= g
altin) \ 1taltn+1) ) &
plteltnga) tnt1 ( n
= 12/ l|oo jeltnan) gy 3 jeltnia)y,
e A > gte)
7=0
Here the term in parentheses is simply the remainder of the standard rectangle
quadrature formula, applied to the function t*(n+1) and taken over the interval
[0,n + 1]. Since the integrand is monotonic, we may apply some standard results
from quadrature theory to find that this term is bounded by the total variation of
the integrand, thus
tn+1 n 1
/ (tng1 — t)a(t'ﬂﬂ)*lz(t)dt _ Z bjmi12(tj)]| < 7‘|Z/||OO(n+1)a(tn+1)h1+a(tn+1).
0 =0 a(tnt1)

Similarly, to prove (b).
Assume that f(-) in (4) satisfies the following Lipschitz conditions with respect
to its variables as follows:

If(y1,u) — fy2,w)| < Lilyr — yal, (16)
|f(y,u1) = f(y,u2)| < Lifur — ual,

where L1, Lo are positive constants.
Theorem 1 Suppose the solution y(t) € C?[0,T] of the initial value problem
satisfies the following two conditions:

tni1 n
/ (tngr — £)2 eI DF )y ()t — > b1 DF Iy (ty)| < Ot
0 -
7=0
(17)

(2] n
/ (tn1 — )2 )T DRy (1)t — Z a1 DYy ()] < Cty2 b,
0

j=0
(18)
with some 71,72 > 0 ,and 61,2 > 0, then for some suitable T' > 0, we have
max [y(t;) — yn(t;)| = O(h?), (19)

0<j<N

where ¢ = min(d; + «(t), d2), N = [T'/h], and C is a positive constant.

Proof. We will use the mathematical induction to prove the result. Suppose that
the conclusion is true for 5 = 0,1,--- ,n, then we have to prove that the inequality
also holds for j = n+1. To do this, we first consider the error of the predictor y? 41



76 N. H. SWEILAM, A. M. NAGY, T. A. ASSIRI, N.Y.ALI JFCA-2015/6(1)

From (16), we have

|Fy(ts), (y(t; — 1)) = Flys,v)| < | f(u(ty), yt; — 7)) = flyzy(t; — 1))+
|f (s, y(t; — 7)) — f(y5,05)]
(

< L1h? 4+ Loh? = (L1 + Lo)ht.

So

1

yta) =l = 55 /ﬁ(tnﬂ—t)a“nm ), (t — ))di—

> bjmsrf ()

Jj=0

1 /tn+1 B ol n » :
<— tq — ) ns) =1 poltni)y gy NT o poes), g
= Taltwr) [o 7Y F 0 = 3 b D (1)

T ) Zb,n+1 |fy(ts), y(t; — 7)) =y, y(t; — 7))+
If(yj, (j_ 7)) = f(yj,v5)])

ety 1 -
< n Rt bjmi1(L1 + La)Ch,
D(a(tns1)) (a(tnt1)) j;) an
and from
n n_ r@G+DR 1 1
b4n — / tn —t Oé(t,,+1)—1dt _ t()c(tn+1) S 7To¢(tn+1)7
Z m jzz(:J jh ( i ) O‘(thrl) it (tn+1)
we have
CcTmn CTa(tn+1)
tot1) — Yl 4] < oy h.
o) =l < 1y Falar 1)
Since
n n ha(tn+1)
Z Qjnt1 S [(k 4 2)elt ) (e 1)elte)H
n+1 n+1> + 1)

-3 o(tnt1)+1 _ altngr)+1
(k—=j+1) + (k- ) :

tn+1 tni1
:/ (tnz = 1)+t / (tn4r — 1) t0)dt,

0 0
1 [t
- = g1 — )] (4)dt,
i [ =ty
1

4 (tnt1) < Ta(thrl)
a(tni1) et
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we have
1

[Y(tnt1) — Yns1| = Taln)

/onﬂ(tle_t) )T f (y(8), y(t —7))dt—

D a1 F(5,05) = g f(Yh i ong)]
7=0

/onﬂ(tml*t) )T f (y(8), y(t - 7)) =

<L {
~ Dla(tnsr)
n+1

ZCLJ nt1f(y(t),y(t; — 7)) +

Zaj et |F(t), u(ty —7) = flysu(ty — 7)| +
An41,n+1 ‘f y( n+1)ay(tn+1 - 7') - f(yfb+17vn+1)ﬂ

1 n
< ———— |2 A2 + CRTD ajnia+
~ D(a(tns1)) e jZ:(:) gt
CT™ 5, CT) )]
a(tnt1)) L(a(tng) +1)
_ 1 Lhh ,_ oL
~ Dla(tngr)) a(tni)(a(tngr) +1)  T(e(tnir) +2)
CLTtns1) po(tnir) :|

a(tn1)T((tngr) +2)

= Ch4,

which completes the proof.

nttnt1L (Y
An+1,n+1 < JrF(

|:CT72 + +

5. NUMERICAL TEST EXAMPLES

The purpose of this section is to show that the proposed scheme designed in this
paper provides good approximations for variable-order delay fractional differential
equations. Throughout this section, we discuss three examples and their numerical
solutions.

Example 1 Consider a fractional variable order DDE:

alt 2y(t — 2

D} )y(t) = 1_’_5((_&_2))9.65 —y(t),

y(t) =05, t<O0.
Figs. 1(a) and 1(b) show the solutions y(t) and y(t — 2) of system (20) for a = 1
and h = 0.1, whereas Fig. 1(c) shows phase portrait of the system i.e., plot of y(t)
versus y(t — 2) for the same value of a. Moreover, we give the numerical solutions
of with different values of a(t). For the variable-order we choose two different cases
for a(t). Figs. 2(a), 2(b), 3(c) and 3(b) show the solutions y(t) and y(t — 2) of
the given system for a(t) = 0.99 — (0.01/100)¢ and «(t) = 0.95 — (0.01/100)¢
respectively. Also, Figs. 2(c) and 3(c) show chaotic portrait for the two values of
«(t), respectively.

(20)
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Figure 1(a). Figure 1(b). Figure 1(c).
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FIGURE 1. The numerical behavior of system (20) and chaotic
attractors at v = 1.

Figure 2(a) Figure 2(b).
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FIGURE 2. The numerical behavior of system (20) and chaotic
attractors at a(t) = 0.99 — (0.01/100)¢.

Figure 3(a). Figure 3(b).
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FIGURE 3. The numerical behavior of system (20) and chaotic
attractors at a(t) = 0.95 — (0.01/100)¢.

Example 2 Consider the variable order version of the four years life cycle of a

population of lemmings which be an extension of the model given in [20]

y(t —0.74)

Dr () = 35uie) (1~ X5

y(t) =19, t<0.

) . y(0) = 19.00001, 1)
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Fig. 4(a) and 4(b) show the solutions y(t) and y(t — 0.74) of system (21) for a« = 1
and h = 0.1, whereas Fig. 4(c) shows phase portrait of y(t) versus y(t—0.74) for the
same value of o. The numerical results for variable-order FDEs at different values
of a(t) are given in Figs. 5 and 6.

Figure 4(a). Figure 4(b). Figure 4(c).
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FIGURE 4. The numerical behavior of system (21) and chaotic
attractors at v = 1.

Figure 5(a). Figure 5(b). Figure 5(c).
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FIGURE 5. The numerical behavior of system (21) and chaotic
attractors at a(t) = 0.99 — (0.01/100)¢.

Figure 6(a) Figure 6(b). Figure 6(c).
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FIGURE 6. The numerical behavior of system (21) and chaotic
attractors at a(t) = 0.95 — (0.01/100)¢.
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Example 3 Consider the variable order version of four dimensional enzyme
kinetics with an inhibitor molecule which be an extension of the model given in [21]

t)
DDy (1) = 10.5 — o
e ) 1+ 0.0005y3(t — 4)
t)
Da(t) ) — yl( - t
o y2(t) 1+ 0.0005y7 (¢ — 4) Y2 (1), (22)

D} Vya(t) = ya(t) — us(2).

D Vyalt) = ys(t) — 054 (1),

y(t) = [60,10,10,20]7, ¢<o0.
Fig. 7(a), shows the solutions y;(t), i = 1,--- ,4 for @ = 1, whereas 7(b) and 7(c)
show the numerical results in case of variable-order at «(t) = 0.99 — (0.01/100)¢
and «(t) = 0.95 — (0.01/100)¢, respectively.

Fig. 7(a)

FIGURE 7. The numerical behavior of system (22) at o = 1.

Fig. 7(b). Fig. 7(c).

FIGURE 8. The numerical behavior of system (22) at a(t) = 0.99—
(0.01/100)¢ (left) and a(t) = 0.95 — (0.01/100)¢ (right).
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