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Existence and Uniqueness of the Solution for
Hilfer Neural Networks with Delays*

Lulu Wang!, Yu Tian?f

Abstract This paper mainly concerns with a class of nonlinear Hilfer frac-
tional neutral recurrent neural networks with time varying delays. The exis-
tence and uniqueness of solutions in the space of weighted continuous functions
are established by Banach’s contraction principle. Finally, an example is pro-
vided to illustrate the application of the obtained results.
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1. Introduction

In the past three decades, fractional calculus has received an increasing attention
due to its various applications in engineering, mechanics, signal processing, material
sciences, etc [1-4]. The related theories about fractional differential equations have
been extensively studied by many researchers [5-8]. Additionally, Hilfer fractional
derivative, which includes Riemann-Liouville fractional derivative and Caputo frac-
tional derivative, was introduced in [1]. After that, a large number of fractional
differential equations with Hilfer fractional derivatives were studied [9-13].

On the other hand, neutral neural networks with time delay have aroused nat-
urally in a wide variety of fields like physics, chemistry, control, viscoelastic me-
chanics, porous media, electromagnetic and polymer rheology, etc. Therefore the
issue concerning the existence, uniqueness of solutions of neutral neural networks
has been widely discussed by many authors [14—19].

The successive approximation method [20, 21] and the fixed point theorems
[20-30] have long been viewed as the main classical methods of studying existence
and uniqueness problems in many areas of differential equations. Additionally,
compared with fractional differential equations with delays, many dynamical sys-
tems not only depend on present and past states but also involve derivatives with
delays, and neutral fractional differential equations with delays are often used to
describe such systems [23,31,32]. Few authors studied the existence and unique-
ness for a problem involving Hilfer fractional derivative. For example, C. Kou et
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al. studied the existence and uniqueness on fractional differential equation with
Riemann-Liouville fractional derivative [33]. D.F. Luo et.al proved the uniqueness
of the solution for the stochastic fractional delay system with Caputo fractional
derivative, see [31]. K.M. Furtati et al. studied the existence and uniqueness of
global solutions for a class of nonlinear fractional differential equations involving
Hilfer fractional derivative, see [34]. However, to the best of our knowledge, the
existence and uniqueness of nonlinear Hilfer fractional neutral recurrent neural net-
works have not been yet developed. In this paper, we will study the existence and
uniqueness of a class of nonlinear Hilfer fractional neutral recurrent neural networks
with time varying delays by using Banach’s fixed point theory.

In this paper, we consider a general class of neural networks with discrete and
distributed varying delays which is described by

Dy’ [xi(t) = qijs(t - T(t))] = aifi(i() + Y big(a;(t —7(t)))
j=1 j=1 j=1

- t (1.1)
lij hj Zi(s dS, , TOO
3 [ rattds <0400
D3P [a(t) ~ Qu(t — 7(t)] = Af(a(®) + By(e(t —r(0) + W [ h(a())ds,

t—r(t)

where Dg‘f is the Hilfer fractional derivative with 0<a<1 and 0 < 8 < 1, for
i =1,2,3,..,n,2) = (21(t),22(t), .., zn(t))T € R", (2:(t) € C([9,00), R)), are
the status vector relating to the neurons; A = (a;j)nxn; B = (bij)nxn and W =
(lij)nxn represent the connection weight matrix, delayed connection weight matrix
and distributed delayed connection weight matrix, respectively; f;,g;,h; are ac-
tivation functions, f(z(t)) = (f1(x1 (1), fo(@a(6))s o fu(za(t)))F € B gla(t)) =
(91(21(8)), g2(22(0), - g (@n (D) € R, A () = (b1 (21(8)), ha(w2(t)), -
hy(zn(t)))T € R™, and the mappings f;(),g;(-), and h;(-) are globally Lipschitz
continuous with constants «;, 8; and «,;>0, which satisfy f(0) =0,¢(0) =0,h(0) =
0, for j = 1,2,...,n. Here 7(¢) and r(¢) are nonnegative continuous functions that
express discrete time varying delay and distributed time varying delay, respectively.
Besides, the delays satisfy lim; oot — 7(t) — oo and lim; yoo t — () — oco. The
initial condition for the system (1) is given by

I 23(0) = Y asgai(—r(0))] = 6i(0) = D aiid; (<7(0),  (1.2)
j=1 j=1

z(t) = ¢(t),t € [,0], (1.3)

where [ (i_a)(l_ﬁ) is the Riemann-Liouville fractional integral operator. Denote ¥ =
infyso{t—7(t), t—r(t)}, t = o(t) = (¢1(t), p2(t),, ..., P (t)T € C([ﬁ,O],L’}O(Q;R")).

The purpose of this paper is to investigate the existence and uniqueness of the
solution to the neutral delayed neural networks (1.1) with initial conditions (1.2)-
(1.3) through fixed point method. The paper is organized as follows. Some necessary
concepts and related lemmas are reviewed in Section 2. In Section 3, we prove the
existence and uniqueness of the solution. Examples to illustrate our main results
are given in Section 4.
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2. Preliminaries and related lemmas

In this section, some definitions and lemmas are given which will be used throughout
this paper.

Definition 2.1. ( [1]) The right-sided Riemann-Liouville fractional integral of order
a>0,a € R of a locally integrable function f is defined as

(Eﬁfﬂmn})éxwznalf@m%

[e%

for >a, where I'(+) is the Gamma function.

Definition 2.2. ( [1]) The right-sided fractional derivative of order 0<a<1 and
type 0 < 8 < 1 with respect to z is defined by

o cer d o (1—B)(1—a
R T

for functions f for which the expression on the right hand side exists, the special
cases are Riemann-Liouville fractional derivative for § = 0 and Caputo fractional
difference for g = 1.

Different choices of norms can be considered. The norms we choose should
be such that the space under consideration is complete and the equation yields a
contraction mapping with respect to the norm. For the system (1.1) with initial
conditions (1.2)-(1.3), we consider the weighted spaces of continuous functions

C,[0,6] = {f: (0,b] = R: 27 f(z) € Cla,b]},0 < <1,

P l0,8] = {f € Cy_4[0,8, D2 f e CH[o,b]},
and

G, 0.8 = {f € C1 (0,8, Dy f € Cry 0,81},
with the norms

Iflle, = l=7f(@)llo-

Lemma 2.1 ( [2]). Let 0 < v<1,0<b<a, g € C,[0,b],9 € C[b,a] and g be continu-
ous at b. Then g € C,[0,a).

The following lemmas provide some mapping properties of If*,. Proofs can be
found in [33].

Lemma 2.2 ( [2]). For >0 we have

[ g*tﬁ_l] ((E) = %wﬁ+a_l,a > 076>0

Lemma 2.3 ( [2]). For a>0, the fractional integration operator If, maps C|0,b]
into C[0,b].
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Lemma 2.4 ( [2]). For a>0 and 0 < v<1, then the fractional integration operator
I§ is bounded from C,[0,b] into C,[0,b].

Lemma 2.5 ( [34]). Let f € L'(a,c). Then

lim c(m — ) f(t)dt = /C(c — )" f(t)dt = ()12 f(c), a>0.

z—ct Jqo

3. Main result

In this section, we establish the existence of a unique solution to the problem (1.1)-
(1.3) in the space Ca’ﬁ -10, 0] by reducing the problem to a Volterra integral equation
and then applying the Banach fixed point theorem. We start with some prepara-
tions.

Lemma 3.1 (Theorem 23, [34]). Let v = a+ f —af where 0<a<l and 0 < g < 1.
Let f : (a,b] x R = R be a function such that f(-,y(-)) € Ci_,[a,b] for any y €
Ci—4[a,b]. If y € C7__[a,b], then y satisfies

Z‘J’rﬂy(m) = f(z,y),z>a,0<a<1,0 < g < 1,
1 77y(a") = ya,

if and only if y satisfies

Vo) = g @~ 0 s [ 0 )

According to Lemma 3.1, one can easily express the equivalent Volterra integral
equation of the system (1.1)-(1.3) in the following form

[6:(0) = Sy s 85(—7(0)]
[(a+5—af)

1 t a_l - .. . x. S 3
e =) 3 a1

1 t
+71"(a)/ (t—s)" wag] zj(s —7(s)))ds

L ye—t z;(u))duds
+m/ (t—s Zl”/s T(S @i (u))duds. (3.1)

Theorem 3.1. Let 0 < o < 1, 0<f8<1, and vy =a+ 8 —af. Let f,g,h: (0,a] x
R — R be functions such that f(x(-)),g(x(-)), h(z(-)) € C’B(1 O‘)[O a] for any x €
C1-4[0,a]. Besides, f(x(-)),g(x(-)), h(z(-)) are globally szschztz continuous with
constants o, f; and v;>0, satisfying that f(0) = 0,g(0) = 0,h(0) = 0, for j =
1,2, ...,n, respectively. Then there exists a unique solution x(t) to the problem (1.1)-
(1.3) such that x(t) — 377_, qijz;(t — 7(t)) in the space C]_[0,a].

OV LN iy (t - 7(1)
j=1

x(t) =
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Proof. Define an operator Q) by

[6:(0) = 327, 41y, (~7(0))]

Qxz(t) = DR LN " gy, (¢ — 7(t)

MNa+ 8 —apf) =
L t 75a71na“ i(z(s))ds
e [ 3 auiles e

+

R
F(a)/()(t ) J_Z:jlbngu (s)))d

L ' 780171 . # (- (u uds
JrF(a)/O(t ) le/s hi(ej(w)duds,t > 0. (3.2)

j=1 —r(s)

First we prove the existence of a unique solution z(t) in the space Ci_,[0,a].
Our proof is based on partitioning the interval (0, a] into subintervals on which
the operator Q is a contraction, and based on the Banach’s fixed point theorem.
Note that C1_[b1,b2],0 < b1<by < a is a complete metric space with the metric d
defined by

d(z1,72) = |[21 — 22|[c)_, [y ba) = T b [t [z (t) — a2(8)]]-
2

Choose t1 € (0, a] such that

n T(t) 1=y n n T(t) -
(Z'q”téﬁ%ﬁ] e e bl e
Jj=1 j=1 j=1
n vy
|l r(t) L'(v)
+ — 11— max |1 — —= — % | <1. 3.3
; 0% t€[0,t1] t T(y+a)’ (3:3)

Clearly, by Lemma 2.4, we obtain that Qz(t) € C1_4[0,t1]. Therefore Q : C1_[0,t1]
— C1-4[0,t1]. Next we prove that @ is a contraction mapping. For any ¢,v €
C1-4[0,¢1], from Lemma 2.2, we have

[1@2)i(t) = Q)i ¢, o1,
n tlf'y
Z:: ‘QJ|t€[O 1]

W“ =) (il = () — st r(t)))‘
s S a [ o) - fs o))

max
te(0,t1] J 1
1 < )
tt= b; — (s — 1=y
+ tg[l(ii(l] I'(«@) ; K /0 (s —71(s)= (s =7(s))

[9j(pi(s = 7(s))) — g5 (Vi (s = 7(s)))] ds

1 ¢ s
Lij — ) hji(wj(u)) — hi(;(u))|duds
a)j; /0@ ) /s_m)[ (5 (w)) = hy (45 (w))]

'

+ max
te[0,¢1]




Existence and Uniqueness of the Solution for Hilfer Neural Networks with Delays 371

Z:: q”'tem W [les(t =7(®) =45t = 7Dlle, 0.
Z 1]| Oé||spj ¢j(t)||01,7[0,t1]
. ® [ e
T a )
+Z|b”|tg[13§i] t—7(t)| Ty+a)’ tfled®) = 5 Olle, o
Y
Wil (4 _r@®) () .. _
+ 3 (- e - | ) gl = 0l
(1) " ) |
<Z|q”tg[1(?i( t—7(t) * Z‘GUH_ZV)LA moai(l] t—7(t)
Y
1] r(t) NG
+Z e G v o1 Rl B | e L LR 101 ENTRSS

Therefore,

|[(Qp)i(t) — (Q):i Hcl S0 = < wifi;(t) wj(t)Hcl,w[o,tl]'
By the contraction mapping principle, we obtain that @ has a unique fixed point
x§(t) € C1—4]0, t1].

If t1 # a, then we consider the interval [t;,a]. On this interval we consider
solution z(t) € C[t1, a] to the equation

$i(0) = 22571 416 (—7(0))
z(t) = Qu(t) ;J a1 7o) ]t<a Ha- +Zq1]x1 —7(

1 " 75(171”&”41,*8 s
e [ - 3 aufleied

L t — )t na-- i(x;(s))ds
R OIAGE 3 aufes e

L t1 —Sa71 n - -.’E*S—TS s
i ), € 3 bty = )

R N
T /t (=9 bty os(s = (o))

1 " O‘_ln ” ) (x5 (u))duds
g D Zl”/s_,.(s i )

n

1 a—1
e / (t—s) le / o xj(u))duds. (3.4)
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Now we select to € [t1,a] such that

Z|qw|+ )) (Z‘awaﬂ +Z|bwﬂj|+7“2|lw% ) <L (3.5)

Jj=1

Since z;(t) € C[t1,t2], and f(x(t)), g(z(t)), h(x(t)) € C[t1,t2] for any x(t) € Clt1, ta],
Lemma 2.3 implies that the right-hand side of (3.4) is in C[t;,t3]. Therefore
Q : Clty,ta] — Clt1,t2]. For any ¢, € C[t1, ta], we have

[1(Qe)i(t) = (Qv)iO]] o, o

< szzqw (pate =)~ vyt —7@)|,
n F(la)jzzaij =9 teen - s,
N F(la)Zb /tf@s)al[gj (1t = 7)) = g5 (s = v
it - [ b b,
gjzi:l|qij|max{te[?1ax ;) — ;1)) t£a§]\wg ¢j(t)|}
ZI%%IH max (p,(5) = 04() /tIt(t—s)aldsHCM
z ugi] | mace (255 = 7() —tiy s = (5)) / f(t o) has||
+ﬁgm| s () = vy () /:a—s)a-ldsHCM
il ais[[25() = 30| opgy 00 + w i laija [ () = ¥ O] oy, 1)
Lot ZWJIH% =~ 55O

o
. ;F*m; 2 tllles® =50l

<Z|qm+ (Z|awo‘3|+2|bwﬁj|+TZ“U% ))
|5 (t) — 45t Hcpl,m-

Since 0<ws<1, @ is a contraction. By the contraction mapping principle, we
obtain that @ has a unique fixed point 3 (t) € C[t1, t2] to (3.2). Moreover, it follows
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from Lemma 2.5 that x{(t1) = x5 (¢1). Therefore, if

*
o) =14 "
xi(t), ti<t < to,

then by Lemma 2.1, z*(t) € C1_-[0,t2]. So z*(t) is the unique solution of (3.2) in
C1-4[0, 2] on the interval [0, to].

If t5 # a, we repeat the process as necessary, such as N — 2 times, to obtain the
unique solution z}(t) € C[tx, tg+1], k = 2,3,--- , N, where 0 = to<t1< - - <ty = a,
such that

Wht1 = Z|qm\ + (thr1 — e )) <Z|a”aj\ +Z|bwﬁj +rZ|l”'yJ ><1

As a result we have the unique solution z*(t) € C1_,[0, a] of (3.2) given by
.Z‘*(t) = LL'Z(t),t S (tk7tk+1], k=0,1,--- N —1.

It remains to show that such a unique solution z*(t) € C1_,[0, a] is actually in
C]_,[0,a]. Applying Dy, to both sides yields of (3.1)

0+ |:CE qujm] :|
=Dy, { o+ <Zaijfj(13j )+ Zbijgj (2t —7(t) + > _ L / h; (xj(s))dsﬂ

j=1 t—r(t)

= Do {Zaijfj(% )+ Zbug] zi(t— (1)) + Zl” /
j=1

j=1 t—r(t)

By hypothesis, the right hand side is in C1_,[0, a] and thus 2*(¢) — Z}Ll Qi (t —
7(t)) € C]_[0,a].

Therefore, by Lemma 3.1, 2*(¢) is the unique solution of (1.1)-(1.3) such that
z*(t) — 227 qijaf(t — 7(t)) in the space C7_ [0, a]. O

4. Example

Example 4.1. Consider the following two-dimensional Hilfer fractional neutral
neural network
t

D3 [#(t) = Qult — 7(0))] = Af(a(®) + By(a(t — @) + W [ hla(s))ds,

t—r(t)

where a = 0.8, 8 = 0.25,

0.1 0 0.2 0.4 —0.10.2 12
7A 7B 7W
0.1 0.1 0.30.2 0.1 0.2 21
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f(z) = g(x) = h(z) = 0.2tanh(z). 7(¢),r(t) are continuous functions such that
|7(t)] <1 and |r(t)] < 1.

In this example, Letting oi; = 0.2,3; = 0.25,7; =0.1,j = 1,2,k =2,a=1,t; =
0.1,t5 = 0.2,t3 = a =1, we get

W |7 ]S . w |7
T T
i ij bij 1
<Zlqyltg1g§<] P ;I%H;I il max |14
Y
|Lij1] r(t) L'(v)
Lyl 1= PO W) e} g 6714,
jz:; ~ tg[l(%i] t I'(y+ «) L=

Wy = Z |qij\ + W(Z |CLijOéj| + Z |b”5j‘ + TZ ‘lijle) < 0.604<1.
j=1

j=1 j=1 j=1

Letting k£ = 2, we have

w3 = Z lgi;| + tk+1 t) £ (Z la;jo] + Z bij 55| + rz L5751 ) < 0.897<1.

j=1 j=1

Applying Theorem 3.1, the initial value problem (4.1) has a unique solution x(t)
such that 2(t) — Y7, gijz;(t — 7(t)) in the space C7_, [0, a].
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