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Abstract The aim of this article is to study neutral type Clifford-valued high-
order Hopfield neural networks with mixed delays and D operator.

New criteria are established for the existence, uniqueness and global exponen-
tial stability of (u,v)—pseudo almost automorphic solutions of the considered
model via Banach’s fixed point principle and differential inequality techniques.
An example is given to show the effectiveness of the main new criteria.
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1 Introduction
Artificial Neural Networks (NNs) are a computational technique that belongs

to the field of Machine Learning (ML). Their goal is to achieve a fairly sim-
plified model of the brain. High-Order Hopfield Neural Network (HOHNN)
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is one of the most powerful and efficient types of NNs. The key factors that
affect its success are its strong approximation ability, its fast convergence rate
and its high fault tolerance capability. HOHNNs have widespread applications
in various fields such as associative memory, pattern recognition, signal pro-
cessing, robotics, medical image edge detection, medical event detection in
electronic health records, diagnosis prediction in health care and many others.
The study of high-order NNs has attracted considerable multidisciplinary re-
search. For instance, the exponential convergence of high-order cellular NNs
(CNNs) with time-varying leakage delays has been obtained in [28]; the au-
thors of [14] discussed the existence and uniqueness of pseudo almost periodic
solutions of high-order type of NNs; the authors of [29] studied the existence
and exponential stability of the weighted pseudo almost periodic solutions of
high-order cellular NNs with mixed delays; the dynamics of the pseudo almost
automorphic solutions of HOHNNs with mixed delays has been investigated
in [3]; to name but a few.

One can easily see that all the NN models considered in the above-mentioned
works are under time-delay effect. The investigation of delayed NNs has be-
come an interesting world-wide focus and several types of delays such as dis-
crete, distributed, proportional and leakage delay have been used, see for in-
stance [4Bl&26). To precisely describe the dynamics of complex neural re-
actions, systems must contain information about the derivative of the past
states. Here, we are talking about another type called "neutral-type delay”.
It should be mentioned that neutral type NN models can be classified into
two categories: Non-Operator-Based Neutral Functional Differential Equations
(NOBNFDESs) and D-Operator-Based Neutral Functional Differential Equa-
tions (DOBNFDESs). It is important to notice that neutral type NNs with
D operator have more realistic significance than non-operator-based ones in
many practical applications of NN dynamics. Recently, new success stories of
neutral type NNs with D operator have been provided. In [16], the global ex-
ponential stability of the anti-periodic solutions for neutral type cellular NNs
with D operator has been studied. In [30], the anti-periodic solutions for neu-
tral shunting inhibitory cellular NNs with time-varying delays and D operator
have been investigated. Reference [31] dealt with the global convergence of
CNNs with neutral type delays and D operator. In [32], the authors analyzed
the global exponential convergence of neutral type shunting inhibitory cellular
NNs with D operator. Zhang studied the oscillation dynamics of almost pe-
riodic solutions for shunting inhibitory CNNs with neutral type proportional
delays and D operator in [33] and extended the results to the pseudo almost
periodic solutions of the same model in [34].

On the one hand, to follow real phenomena in biological systems, re-
searchers have proposed several classes of functions such as the class of Almost
Automorphic (AA) functions in [27], the class of Pseudo Almost Automorphic
(PAA) functions in [I7] and the class of Weighted Pseudo Almost Automor-
phic (WPAA) functions which have extended to the class of (u,v)—Pseudo
Almost Automorphic ((u,v)—PAA) functions [2]. (1, v)—PAA functions have
been rarely used in NN theory where the main task consists of finding an an-
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swer to the following problem: “what will be the nature of output when all the
parameters of the NN model are (i, v)—PAA functions?”. In [7], we found an
answer to this problem by studying the dynamic oscillations of (u,v)—PAA
solutions of bidirectional associative memory NNs. On the other hand, Clifford
introduced Clifford algebra in the 19th century. It is important associative alge-
bras within the theories of quadratic forms, orthogonal groups and theoretical
physics. As an extension of real value models, Clifford-value NNs have become
active research domain due to their powerful applications in many fields such
as neural computing, robotic vision, image processing, control problems and
other areas. Success stories of Clifford-value NNs are reported in the follow-
ing. The existence and global exponential stability of the equilibrium point of
Clifford-valued recurrent NNs have been studied in [37]; sufficient conditions
ensuring the existence and global stability of Clifford-valued NNs with time-
varying delays have been derived in [23l[21]; the globally asymptotic almost au-
tomorphic synchronization of almost automorphic solutions of Clifford-valued
recurrent NNs with mixed delays is developed in [20].

In this brief, we tried to manipulate neutral type HOHNNs in Clifford
algebra with (u,)—PAA parameters. To our best knowledge, there are no
public results considering the dynamic behavior of (u,v)—PAA solutions of
neutral type Clifford-valued NNs.

The main aim of this work is to obtain new sufficient conditions for en-
suring the existence and global exponential stability of (i, v)—pseudo almost
automorphic solutions of neutral-type Clifford-valued HOHNNs. Most of the
published articles on neutral type NNs focused on the first-order systems and
analyzed real-valued, complex-valued and quaternion-valued NNs. So, this ar-
ticle brings several advancements listed below:

1. The study of the existence and uniqueness of the (u,r)—pseudo almost
automorphic solutions for neutral type HOHNN.

2. The analysis of the global exponential stability of the (u,r)—pseudo al-
most automorphic solutions for the considered model without using the
Lyapunov functional method.

3. The class of (u,v)—PAA functions covers larger classes of functions that
are very sophisticated and difficult to handle. We generalize many earlier
publications [3[5114].

4. The parameters are (u, v)—PAA functions which have been considered in
Clifford algebra for the first time in such context. Some previous works in
the literature are significantly extended and complemented, such as [I8|[19]
29).

5. Via direct method, we study the (i, )—PAA solutions for Clifford-valued
HOHNNSs without decomposing them into real-valued systems. Compared
with real-valued, complex-valued and quaternion-valued HOHNNs [24[25],
the dynamical behaviors of Clifford-valued HOHNNs are the most compli-
cated.

The outline of this paper is arranged as follows. In Section [2| we establish
useful definitions, assumptions and lemmas. Section [3|is devoted to establish
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new criteria for the existence, uniqueness and global exponential stability of
(1, v)—PAA solutions of HOHNNS. In section [4 a numerical example is given
to illustrate the feasibility of the obtained results. Conclusion and meaningful
remarks are drawn in Section Bl

2 Preliminaries
2.1 Real Clifford algebra

In this subsection, we recall some results about real Clifford algebra. For more
details, the reader may refer to [13] and the references therein. Let us denote
R™ the m—dimensional real vector space. The real Clifford algebra over R™
is defined as

A:{ Z CLAeA; aAER}, where e4 = e, -+ - ep, with A = {hl---hc},
AC{l--m}
1<hi<hy<---<he<mand1 < <m.

A equipped with m generators is defined as the Clifford algebra over the real
number R with m multiplicative generators eq,--- , e, such that e; € R™,
eg=eo=1,e2=1and

epe; = €eeg=¢e€;, 1=1,2,--- . m,
eiej +eje; =0, i#j, i,5€{l,---,m},
e2 =—1, 1=1,2,---,m.

2 _
When one element is the product of multiple Clifford generators, we will write

its subscripts together such as ep,en, = €n,h, and ep,€n,en; = €nyhohs- 1t is
m

easy to see that dimg A= > (71’3) = 2. We also define the norm on A by
k=0

lzlla = max {|lz4]}, for z =Y Jattes € A,
- A

and the norm on A" by

Jollan = max {llzillab, for o = (21,22, 20) € A",

In the following, A™ denotes the n—dimensional real Clifford vector space.
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2.2 Model description

In this article, we deal with the following neutral type Clifford-valued HOHNNs
with mixed delays:

zi(t) — qi(t)zi(t —rs (t))} = —ci(t)ai(t) + > aij(t) f(w;(t — (1))
=1

+> Y aii(t)g;(a;(t = oiju(®))gilan(t — via(h))

j=1li=

+Z@ij(t) / Gij(s)hj(z;(t — s))ds

+> > pia(t) / Piji(t — s)k;(x;(s))ds
j=11=1
+oo ’

x / Quin(t — s)ka(a(s))ds + Li(1), (1)
0

in which n corresponds to the number of units in the NN, z;(-) € A corresponds
to the state vector of the i** unit, ¢;(-) represents the rate with which the i‘"
unit will reset its potential to the resting state in isolation when disconnected
from the network and external inputs, ¢;(-) € A is the connection weights,
ai;j(+), Bij(-) € A are the synaptic connection weight of the j'* unit on the
it unit, a;j1(-), piji(-) € Arepresent the second-order synaptic weights of the
NNs, f;(-), g;(.), h;(-), k;(-) € A represent the activation functions of signal
transmission, G;;(-), Piji(+), Qiji(-) € A are the transmission delay kernels,
ri(+), Tij (), 0iji(+), viji(-) € R are the transmission delays, I;(-) € A denotes
the external inputs. The initial conditions associated with are of the form:

zi(s) = ¢i(s), s € (—00,0], i=12,...,n, (2)

where ¢; € C((—oo,O],A) which is the set of continuous functions from
(—00,0] to A.

Remark 1 In (I, the functions r;(-), 73;(-), o4i(-) and ;5 () correspond to
the transmission delays. In fact, time-delays exist in most NN systems be-
cause neurons cannot communicate or respond instantaneously. Sometimes
they make the dynamic behaviors more complex and may destabilize the sta-
ble equilibria (see [IL6L1IL12]).

2.3 Notations and definitions

Definition 1 ([I7]) A continuous function f : R — R" is called almost
automorphic if for every real sequence (Sp)nen, there exists a subsequence
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($n)nen such that g(t) = li_>m f(t + sp) is well defined for each t € R and
lim g(t — s,) = f(t) for each t € R. Denote by AA(R,R") the set of all such

n— oo
functions.

Definition 2 ([20]) Let f = (f1, fo, -, fu)? : R+ A" where f; = f{lea.
A

f4 : R — R is called almost automorphic if for every i = 1,--- ,n we have
f# € AA(R,R"™). Denote by AA(R,.A") the set of all such functions.

Let B the Lebesgue o-field of R, M denotes the set of all positive measures
p on B satisfying p(R) = +oo and p([a,b]) < oo for all a,b € R (a < b).

Definition 3 For u,v € M, the measures p and v are said to be equivalent
if there exist constants ag, a; > 0 and a bounded interval {2 C R such that

apv(A) < p(A) < arv(4)
for all A € B satisfying AN 2 = 0.

Now, we introduce a new concept of ergodicity, which generalizes those
previously given in the literature.

Definition 4 Let pu,v € M. A bounded continuous function f : R — A" is
said to be (u,v) ergodic if

T e — /H I £(2) 4 dpt) = 0.

r—foo v([=r,7])
We denote the collection of all such functions by £(R, A", u, v).

Let us denote BC(R,.A™) the set of bounded continued functions from R
to A™, then (BC(R, A™), | - ||«) is a Banach space where || - ||, is the norm

£ ll+:= sup mex {[1fi(#)l]a}-

Definition 5 ([7]) Let p,v € M, f € BC(R, A") is (p,v)-pseudo almost
automorphic if it can be expressed as

f=f+f

where f; € AA(R, A") and f2 € £(R, A", i, v). The collection of such functions
will be denoted by PAA(R, A", u,v).

The following assumptions are fundamental in this function space:
(A1) For all u,v € M, we have lim sup 5&:::8 < 0.

n—oQ

(A2) For all 7 € R, there exist 8 > 0 and a bounded interval I such that

pfa+7:ac A}) <pu(4)

when A € B satisfies ANT = 0.
Let us state two useful theorems proved in [7] as follows.
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Theorem 1 ([7]) Let u,v € M satisfy (Az). Then the decomposition of a
(1, v)-pseudo almost automorphic function of the form f = fi + fo where
f1 € AAR, A™) and fy € E(R, A™, pu,v) is unique.

Theorem 2 ([7]) Let u, v € M satisfy (A1) and (A2). Then PAA(R, A", p,v)
is a Banach space.

2.4 Technical lemmas

*

For 1 < 4,5,1 < n, we denote ¢ = sup||q;(t)||a, ¢ = sup||c;(t)]|.a, cix =
teR teR

inf [[c;(t)]|.a, af; = sup|lai;(t)|a, ofj = sup [loiju(t)]a, B = sup||Bi;(t)]|.a,
teR teR teR teR

pij = sup [piji()l.a, I = sup [|1;;(¢)|| .4} = supri(1),7); = sup 745(t), o7 =

teR teR teR teR
sup o;51(t), v}, = sup vi1(t).
terR

teR
Moreover, assume that for all 1 <4, 5,1 < n, we have

ci(-), (), 7 (), oij(), viu(-) € AAR,R™)
and
("), aij (), aiji(), Bij (), piji(-), Li(-) € PAA(R, A™, p,v).

Assumption 1 For all 1 < j < n, and all u,v € R there exist nonnegative
constants L;, L, L?, L?, ds, d? such that

1£5(w) = F3(0)lla < LIlJu—vl].a, [lg;(u) — g;(0)|la < LI[w—v]| 4,

195 (w)[|.a <d, IIhj(U)*hj(U)HASLgIIU*vHA,

|k (w) = kj(w)]|a < L¥|Ju—ol] 4, 1k (u)]] 4 < dj.
For simplicity of calculation and without loss of generality, we assume that
[i(0) = g;(0) = h;(0) = 0.

Assumption 2 G;; : [0,+00) — R is continuous and |G;;(t)|e"*" is integrable
on [0,+00) for a certain positive constant k1. Pij; : [0, +00) = R is continuous
and |P;ji(t)|e™2t is integrable on [0,400) for a certain positive constant ko.
Qiji : [0,4+00) = R is continuous and |Q;j,(t)|e"3" is integrable on [0, +00) for
a certain positive constant k3.

The following Lemma [1| and Lemma [2| are proved in [7].
Lemma 1 ([7]) If ¢(-) € PAA(R, A, p1,v) then we have ¢(-—a) € PAA(R, A, u,v).
Lemma 2 ([7]) If o, € PAA(R, A, u,v) then we have pxp € PAA(R, A, p,v).

By using Lemma [l and Lemma [2] it is possible to prove the following
lemmas.

Lemma 3 ([7]) If f(-) € C(A, A) satisfies the lg-Lipschitz condition, ¢(-) €
PAAR, A, p,v) and 7(-) € AAR, A, p,v) then we have f(Pp(- — 7())) €
PAAR, A, p,v).
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Lemma 4 ([7]) Assume that Assumptions [I{g hold. For all 1 <i,j < n, if
¢i(-) € PAA(A, A, i, v) then we have

+oo
tr [ Giohyos(- — s))ds € PAAGR, A.pv).
0

Definition 6 Let x(t) = (21(t),...,2,(t))T be a (u,v)—pseudo almost auto-
morphic solution of the system ([1) with the initial value o(t) = (@1(t), ..., 0, ()T €

C((—oo,O],.A) and y(t) = (y1(t),...,yn(t))T be an arbitrary solution of the

system 1} with the initial value 9 (t) = (¥1(t),..., ¥, (t))T € C’((—oo, 0], A)

respectively. If there exist positive constants A and N such that
l2(£) = y(t)[lan < Nljd]lce™", vt >0,

where

llélle = 11;1%)(” te(siloo,o]

[¢i(t) — di(t)i(t — 7 (2))] — [a7 (t) — di ()7 (¢ — 7:(t))]

A

(1, v)—pseudo almost automorphic solution of the system is said to be
globally exponentially stable.

Assumption 3 For each1 <i<n,teR,

1 t+T
Mle;] = TETN T/t ci(s)ds >0

and there exist a bounded and continuous function & : R — (0,400) and a
positive constant K; such that

e~ J¢ ci(wdu < K;e™ S Glwdu for gllt,s e R, t —s > 0.

Lemma 5 For ¢ = (¢1,...,¢,)" € PAA(R, A", u,v), we define the nonlin-
ear operator © = B4 as follows

t c1(u)du
J e d Fi(s)ds
Oy(t) = :

t ff cn(u)du

_f e * F,(s)ds
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where
Fi(s) = ci(s ) i(8)i(s — 1i(s))
+Z% ()15(85(s = 755()) + D Y ii()g;(5(s — 0451(5)) g du(s — vigu(s)))

Jj=11=1
—+o0

+Zﬂ” / m)h;(65(s — m))dm

+0o0 +oo
+ZZPW / Piji(m )j(¢j(5*m))dm/Qijl(m)kl(@(s*m))dm+1z'(5)~
j=11=1 0 0

Then ©4 maps PAA(R, A", p,v) into itself.

Proof Let ¢ € PAA(R, A, p1,v). Using Lemma [3] we obtain f;(¢;(s — 7i;(s))),
9j(¢j(s—0ii(s))) and gi (¢ (s—viji(s))) in PAA(R, A, i, v). By using Lemma

we have

/GU (s — m))dm, /Pzﬂ Vi, (25 (s — m))dm and /Qm Ver(aa(s — m))dm

in PAA(R, A, p,v). Then, F; is a (u,v)—PAA function. Via Theorem [I} we
have F; = F}! + F? with F}! € AA(R, A") and F? € (R, A", p,v).

Noting that M[¢;] > 0 from Assumption [3|and using the theory of exponential
dichotomy, we obtain that

i t
— [ ci(u)du 1 n
e s F/(s)ds € AA(R, A™) (3)
is a solution of the following almost automorphic differential equation

g(t) = —ci(ty(t) + FH(t), 1<i,j<n.

Now, let us show that

t

/e{ o F(s)ds € £(R, A", i, v).

— 00

From Assumption [3 one has

rh—r>no<> m ~/[—r,7“] ||FZ <t)||AdM(t) a Tl_mo I/([—’I’, T]) /[—7"77"]

t
< lim . / /e_(t_s)éi*
rroo l/([—?", T]) [7r,r]7oo

F2(s) | adsdu(d).
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Let
K t _
B= i A [ ( / |e<”>cl'*F3<s>||Ads) au(t),
[77"7‘]

r—oo v([=r,7]) —r

Ey= lim — 20 / / e~ (t=2)%
r—00 V([_TaT]) [—r,7]

— OO

F(s)l ads | dpu(t)

and m =t — s, then by Fubini’s theorem we obtain

K, ¢ ;
By = lim ——i ~(t=9)zin || 2
v= /[] (/e F; (S)IAds) du(t)

“+o0

. K; / / .
lim —— e ix
reoee 1/([—7“7 TD [=r,r] 2

“+oo
g~ MCix im L 20t —m m
/ (rLoo l/([—’r, T]) /[T’T] HFz (t )”Ad,u'(t)> d

0

F2(t = m)|| adm | dp(t)

IA

IN

400 r—m

N K;
= [ s [ B Oadin (o) | dm

ke v{[=rr])

0 .
. +oo —méix . V([—r —m,r+ m]) B
< Kz/o € (7.h—r>noo v([-r, 7] v([—r —m,r + m))

X / ”Fz’Q(t)HAdM(t)) dm.

[=r—m,r+m]

On the one hand we have F? € £(R,R, u,v) then E; = 0. On the other hand,

we have

K. 0 _
E lim ———— ~(t=s)i 2
2 = am v([=r, 7)) /[—w] / le 7 (s)llads | du(t)

-

lim K; / /ef(tfs)éi*
rroo l/([_T7 T]) [=r,r]

F2(s) ads | du(t)

. -Tr ) ks i
< : <'L SCix 2 —1tCix
< lim ] /6 F; (S)||Ad5/6 dp(t)

2 _
— lim Kiwe—%cu:&

r—so0 Cix

Combining with it leads to ©4 maps PAA(R, A", i, v) into itself. O
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3 Main results

In this section, we establish new results for the existence, uniqueness and
stability of (u,v)—PAA solution of the system . For (¢1, 2, ,¢n)T €
PAA(R, A™, u,v), we define the norm of ¢ as

16 1= s sup { o)L}

And we consider the following assumption:

Assumption 4 For 1 < 4,5,1 < n, there exist strictly positive constants
M, A; and §2; such that

K;
M = max {~If}

1<i<n | Cix

A = 11;1%}(” {qz + = 7 |:C Q1 +Za’z; 7 +le;a2JngLg +Zﬂzg 7 / ‘GU |d'LL

j=1
+ZZ;0WL’“LI /|P”l \du/ 1Qiji(u |du]}<1
j=11=1
= lrél%)il{ql +[c q; +Za” i +lezla”l Lid] + Ljd3)
J
+iﬁj}L?/|G” J]du + ii P /oo Pi(u |du/|Q”l du(Lkd’“rle’“)]}
j=1 j=11=1 0

<1

and a strictly negative constant Ty such that

TOZSHP{—Cz()‘f'K[ _ +Zaw i1T—o*

teR

n n . 1
JrZZOév;jl (L]gdqu +Ll T )JrZﬂU ] /|G” |du

Al

Theorem 3 Suppose that Assumptions hold. Then the system has
only one (u,v)—PAA solution in the region

+ p”l[Lkdl /\Pwl |du+Lkdk/\Q”l |du}

A
— {¢ € PAAR, A", p,v) :|| ¢ — o ||+< MM}’
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where

fjoo eIt cr(wdu, (s)ds
do(t) = :
fjoo eIt en(Wdur (s)ds
which is globally exponentially stable.

Proof First part: existence and uniqueness of (u,v)—PAA solutions
Let

Yi(t) = zi(t) — qi(t)xi(t — i (t)), for all 1 < i < n. (4)

Then, we have
Y (1) = [xz«t) it mt»]

= —ci(0)Yi(t) — ci(8)qs (t)as(t — it +Zau ) (t = 735(1)))

+ 3D it (w(t — oua(®) it — vin(1)))

j=11=1
+oo
+Zﬂz] / i )hj(a?](t—s))ds
0 -
+ZZM / Pji(s)kj(a(t — s) ds/@m Ve (21(t — 5))ds
j=11l=1 0

By using Lemma [5, we define an operator © as follows:
o: S -5
(@1 0n)" = (O, -+, Op,)"
such that Oy, = {qi(t)di(t — ri(t))} + O4(t) for all ¢ € S. One has

t
/ e_fstci(“)dufi(s)ds }
—00 A
< max {Klv sup

t
/ e ) Ei(“)d“Ii(s)ds }
1<i<n teR || J—oo A

K;
max {I *} =M
1<i<n | Gix

is the unique (p, v)—pseudo almost automorphic solution of the following dif-
ferential equations:

Y/ (t) = —c;(4)Yi(t) + Li(2t), i=1,...,n.

[[doll-

max ¢ sup
1<i<n | teR

A

IN
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The set S = {¢ € PAAR, A", p,v) :|| ¢ — ¢ ||+ < 125 } is a closed convex
subset of PAA(R, A™, u,v). If ¢ € S, then
[ ll« <1 &—doll«+ I o |l
< ¢—¢ol+M. (6)
We claim that for any ¢ € S the mapping O, € S. Note that

(B0t — ri(0)) +/

— 00

o

= max {sup e I3 eiwydu [ - Ci(S)Qi(S)¢i(S - 7“1‘(5))

1<i<n [ ¢eRr

+Zau 5)f3(¢5 (s — 7i5(s)))

+ Z Z @iji(5)g;(0;(s — 0iji(5)))gu(Pi(s — viji(s)))

j=11=1

+Z/81j / ng ¢j S — u))du

+oo

+;;Pm 0/ it (Wk; (0 (s — u) dU/ngl kz((ﬁl(s—u))du}d A}

and then we have

@AP_QSO

< 5 . (t — 71
< max { s )6t~ i)l
t
b e A sup | () (o) Lasup (s - ()
—o0 teR teR

+ Z Sup [lai; (s)lla sup [1£5(9;(s = 7i; (s))l.4

+ZZSHPII%1 $)llasupllg;(6;(s = aii(s))ll.asupllgi(@i(s = vij(s)) 4

jlll

n +OO
+¥§1€1£||B¢j(8)IIA/IGij(U)Iigﬂghj(d)j(s—u))lAdu

+Zzbup||pul )4 /\Pm [sup (6, (s — )L

jlll

x / Qula)]sup [ (s —u>>|,4du] ds}.
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It leads to

@¢_¢0

t
< max {qz +/ e_f,sléi(u)duKi |:c;§<ql +§ :azg !

+ZZamL9L9+Zﬂ;}L§L / |G (u)|du

j=11=1

P3O b / Py ()] du / Qun(u |du}ds}||¢

j=11=1
= Al

As A < 1, it implies that ©, € S. Next, we prove that the mapping O is a
contraction mapping of S. For ¢,v¢ € S, we have

6, -0, <>[¢z<t—n< ) —w—n(t»}

< max ¢ sup
1<i<n | teRr

*

w06 (165 = i) + s~ o))

Zaw (5065 = o) = £ = 7501
+§;l§n;am ) (8516305 ~ owalManonts ~ v (s))
05035 = o)t (s = vin(s)))

+ 2 0566) [ G0 ({6505 = ) = s~ )
0

1 () (B(s — u))du / Qi (ki (6 — u))du

_|_
NE
i)

5

B
/N
—

e

<.
I
—

400 ’ +00
~ [ Pty ots ~ w)du [ Qunuki((s ~ w))du
—(i)-oo ‘(*)‘OC
+ 0/ Piji(u)h;(¥(s —u))du 0/ Qiji(wki(p(s —u))du
+o0 +oo
— [ Pyi(wh;(¥(s —u))du [ Qiji(u)ki(v(s —u))du | |ds )
j j ol

It leads to
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t
yay ya) * — [téi(u)du g | § : } :E :
H@(b_@wH* S lréllagxn {ql _|_/_Ooe fs ( ) KZ |:C7;q’L + a” j + aZ]l Lgdg L‘lgd‘?)

j=11=1

+Zﬂm j / |Gij (u |dU+ZZPUl/|PZ]z )|du

J=11=1

x / |Qijz<u>|du<L§df+Lfd?>]ds}||¢—w|*
0

and then

oy 0 i 9.9 9.9
(o -8| < man Bt o+ il 25 e e vt
j=
+oo

+Zﬁw J/lGU )| du + Zzpfjl/ Piji(u)| du
j=11=1 0

x / |Qijz<u>|du<L§df+Lfd§>]}qs—wn*
0
— Qllo—ul..

As 2 < 1, then we obtain that © is a contraction. Via Theorem PAA(R, A", p,v)
is a Banach space. Then due to Banach’s fixed point principle, @ possesses
one and only one fixed point z* = {zf(¢)} € S, such that

i (1) = {0 (= ri(t)} + O- (1)
—a(Oai(t () + [ e Hetn [ - au(s)ai()i (s = ()

— 00

+Zaij<s>fj<x;<sw )+ 30 cn(s)gs s — 3 o s - i (s)

j=11=1

+Zﬁw /Gw 25 (s — u))du

+ZZM /Pm (x(s —u du/Q,ﬂ Yoy (s — w))du + Ii(s) | ds.

j=11=1
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Then it leads to

210) =070 =) = a0 + 3061050~ 0)

ZZ i (D)9 (x5 — 032 (£)gu(a (t — vi(t)))
S
+Zﬁw / ij )hJ(ZL';(t—'U,))du
n n ’ —+0o0
+303palt) [ Ptolk(a3( - 9)ds
=1 0

+
I

< [ @uhlai(t - )ds + Lo
0

Thus the system (1) has an unique (i, v)—PAA solution x*(t).

Second part: global exponential stability of the (u,v)—PAA solution
In view of the first part, the system has only one (u,v)—pseudo almost
automorphic solution denoted by z*(t) = (z}(t),..., 25 (t))T and satisfying

. Let x(t) = (w1(t), -+ ,2,(t))T be an arbitrary solution of the system
with initial value ¢(t) = (¢1(t),- -+, ¢, (t))T satisfying . Let

zi(t) = xi(t) — i (1),

2:(t) = |ai(t) — as()stt - n<t>>} - [a:;-*(w it — ).
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We have

Set
T(y) = sup {7 — Gt
teR
n
+ Z i
j=11=1
n
+

[

(Lg d) ———

Bi; L] /|G” e”“du

=1 0

|:1 o yry 1% +zalj ]1

Ugjz eV 7,_71
'yr ngdg yri
ie 1—gqgje’

j=11=1

1
+Lidy / Qiji(u |€Wdu] 7} } v e,
) 1-— q;e"’ J

Vi

q; el

€ [0, min &,].
1<e<3

LS [kt / Pyl

®)
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From Assumption [4] and by continuity of 7°(y) we have

TY(0) =supqy — ¢ +K[ T4 al; L
©) teIIR?{ Q - Z ’ ]1—(]
n n . 1
+ZZam<L§df’1_qﬁL?d§’1 )

j=11=1

+Zﬂz] ]/|G2J |du +Zzpz]l|:[’kdl /|P1]l |du

j=11=1
+Lyd" / Qi (u du} ]} <0.
0
(9)

We can choose a positive constant A such that 0 < A < min{k1, K2, K3, , C1xs - - -, Crx }
satisfying 1 — ¢f MJ > 0, and

o AT
TN = A — ¢t K; -

) =sup {a- o) + [1 o zqz+2am1 .
~ g 9,79 it
+Zzawl L d +le]1 q* AT
j=11=1 j

+oo

. 1 n n . .
—|—E Bz] i /‘GU )‘ dui_ v + E Diji l:Lfdéc / |Pijl(u)|e)‘ du
; °

= 0
gk ()M du| —
Lk 0/ Qu(w)le™d ]1(1;@%]} <0, (10)
Let
19lle = max  sup Ngi(t) — di(€)pu(t — 7a(t)] = 27 (1) — ds() (¢ — ()] }(11)
SN te(—00,0] A

For any € > 0, we obtain

120)]l.a < ([[9lle +€). (12)

For all t € (—o0,0], we have

1Z@®)l.a < (o]l + e
< N(|Ig]l- +e)e™ (13)

where N is a constant satisfying N > max K; + 1. Let us now prove that
<iln

| Z(t) a< N([[¢]le +€)e™, vt >o0. (14)
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If it is not the case, there exist ¢ € {1,...,n} and ¢t; > 0 such that

I Z(t1) [|a= N(||¢]lc + e)e "
and
I Z(t) la< N(|l¢]l- +e)e™™ vt € (—o0,t1).

Moreover, we have

Mzi(n) lla < ez (n) — a;(m)z5 (0 = r5(m) 4 +eM g (m)z (n —

< e/\n”Z ) |la e q] A(n— rj(n))sz(n_Tj(n)) |4
< (Iolle+ON +ig; sup ) a-
s€(—oo,

For all n € (—oo,t], t € (—o0,t1), i € {1,--- ,n}, it leads to

M z()]la < sup 6AS||Zj(8)||A
se(—
N ro),

1— AqJ J

(16)

() [l.a

(17)

(18)

Multiplying Equation by e~ Jo ei(wdu qpq integrating on [0, ¢], we obtain

t
Z;(t) = Z;(0)e~ Joeitwdu / e I Ci(u)du{ —ci(s)qi(s)zi(s — ri(s))
0

+Zaw ) (@i (s — 7)) — f(@}(s — 73(5))]

+ZZO‘U1 g5 (5 (s = oujis))gu(@i(s — vij(s))))

j=11=1

—gj(;(s — 0iju(s)))gi(x] (s — viju(s)))]

—+00

Z Bij(s Gij(u) [hj(zi(s —u)) = hy(} (s — )] du
o oo
Z Z piji(s { Piji(u)k;(;(s — u))du

+oo
/ Qiji(w)ki(x(s — w))du — ; Piji(u)k;(z;(s — u))du
/ Qiji(uw)ki(x] (s — u))du] }ds, t €10,t]. (19)
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Using equations , —, we obtain

t1 E t1
1Z:(t0) )4 = || Zo(0)e Jo* extwan / e I: C”’(”)d"{‘q(s)qi(s)zz-(s—m(s))
0

+Zau )(fi (s — 735(5))) — (x5 (s — 7i5(5))))

+ZZO‘W g5 (s — 0iji(s)))gi(xi(s — aiju(s)))

j=11=1
—gj(x;(s — 0iu(s))qi(z] (s — 7iji(s))))
+oo
+Zﬂ” [ GuatwlngGes = w) — by(a3(s — w)lau
0 N
S0 pal] [ Ptk ot~ wyd
j=11=1 0
+o0 +oo
X/Qijl(u)kl(xl(sfu))duf /P”l( ki (x5 (s — u))du
0 0

+oo
Y / Qu(wh (w7 (s — ) du f s

A

Then it leads to

- f ¢;(u)du — fﬁq(u)du . )
1Zi(t)lla < (9]l + €)Kie +[e @ Kiq ciq llwi(s —ri(s)) — @i (s —ri(s))l| 4
0

+ 3 ai (@i (s = 7i5(s)) = fi(5 (s = mis(9)]|

j=1

+ 0> agullg(wi(s — aiji(s))gi(ai(s — visi(s))))

j=11=1

—9;(x5(s — ou(s))) g (@7 (s — vij(s))) | .a

n +oo
+25 / G ) [ (s = ) = Ry s — )|

[e’e] 400
+Zzpmsup / Pun(w)ky (s —w)du | Qiga(u)ka(an(s — w))du
j=11=1 0
+oo t+oo
/ Piji(u (s—u du/ Qij1(w)ki(x] (s — u))du B }ds
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and finally it yields
Ar’

i

11g, — € * sk
20 < ([0l + ehe Ko B0y [ e ]K{qu
0 - 94; !

i

)\ )\all )\V*.
g 949
IR zz%(w )

j=11=1

+Zﬁz / Gy +Zme[L’“dl / [Py ()|
j=11=1 0

+oo
+Lfd§/ |Qijl(u)e”\"du}
0

1 _
— }dsN<||¢||a £ e
1-— q;e

and then
1Z:(t1) 4 < (@]l + e)e 0 Ko Jo il =2du

t1 P
+f efsl[ci(s”]d“{%u) - A}dSN (1]l + )=
0

K; -
< Mol + e { (B - per it 1}

< N([[lle +e)e™

which contradicts equality , SO holds. Letting ¢ — 0T, then for all
t > 0, we have || Z(t)||4 < NJ¢|lce~*. Similarly, we have

Mlzt)la< sup eMz(s)]la

SE(—00,t]
< Mol
1 q*e T
and
N
lzj ()4 < 1_!?('3'/\;@’“ vt >0, je{l,---,n}.

The (u,v)—PAA solution of the system is global exponentially stable. 0O

Remark 2 In this article, we not only consider the effects of the first-order
terms a;;(+), Bi;(-) on NNs but also the influences of the second-order terms
a;i(-) and pii(+). If ay5(-) = piji(-) = 0 then the following classical (first
order) neutral type Hopfiled NNs

xi<t>—qi<t>xi<t—n<t>>] — ety Za” )3 (o5t = 75(1)))

+Zﬂzg / Gij(s)h;(x;(t — s))ds



22 Chaouki Aouiti! et al.

has a unique (u, v)-pseudo almost automorphic solution which is global expo-
nential stable. Hence, our results generalize the results in [10].

Remark 3 If ¢;(t) = 0 then the following Hopfiled NN

2 (t) = —ci(t)wi(t) + Zaij(t)fj(xj(t —735(1)))

n +OO
+3 B (1) / G (5)h; (a5 (¢ — 5))ds + Li(1), (21)
j=1 0

has an unique (g, v)-pseudo almost automorphic solution which is global ex-
ponential stable. It is worth pointing out that our main results are also valid
for the case of the non-neutral systems. Our results not only improve but also
complement earlier results in [31[517,814129].

Remark 4 In [21], the authors considered a class of Clifford-valued neutral
HOHNN with leakage delays. They studied the existence and global exponen-
tial stability of pseudo-almost periodic solutions for this class of NNs. In [22],
the authors dealt with a class of inertial quaternion-valued HOHNNs with
state-dependent delays. They analyzed the existence of anti-periodic solutions
of the NNs. In our article, we investigate the (u,r)— pseudo almost automor-
phic solution for neutral-type HOHNNSs. This class of functions covers larger
classes of functions such as almost periodic, pseudo almost periodic, almost
automorphic and pseudo almost automorphic functions. Hence, our results are
not only new but also most general.

Remark 5 Although the multiplication of Clifford numbers does not satisfy the
commutativity, which brings great difficulties to the study of Clifford-valued
systems, we have found a method that does not decompose Clifford-valued
systems into real-valued systems.

Remark 6 Pseudo almost automorphic functions play an important role in de-
scribing the dynamics of differential equations. In [3], the authors investigated
the dynamics behavior of the pseudo almost automorphic solutions of a class
of HOHNNs with mixed delays. Those results cannot be applicable for the sys-
tems studied in this article. Consequently, our analysis of dynamics behavior
of neutral type Clifford-valued HOHNNs model with (i, v)—PAA functions as
coefficients and mixed delays improve the previous study in [3]. If p =v =1,
then the system has an unique PAA solution in Clifford algebra.

Remark 7 In [1], the authors studied a class of delayed high-order Hopfield
bidirectional associative memory NNs. They used fixed delays because time-
varying delays are difficult to handle when dealing with (u, v)-pseudo almost
automorphic parameters. Hence, it is not obvious to prove the composition
theorem of (u,v)-pseudo almost automorphic functions i.e. f(p(- — 7(-))) €
PAA(R,R, i, v). In 2020, this problem has been solved in article [I0].
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Remark 8 In [9], the pseudo almost periodic solutions of Clifford-valued iner-
tial neutral NNs with time-varying delays and infinite distributed delay are
investigated. Then, by using the same approach we can extend the results to
the space of pseudo almost automorphic functions. Our results can comple-
ment the results in [9].

4 Simulation results

In this section, we apply our main results to a specific system and demonstrate
the efficiency of our new stability criteria. Consider the following neutral type
Clifford-valued HOHNNs model

mm—%mmu—mm}——q +§yﬂ )f5 st — 735 (8))

+ Z Z aiji(t)g; (i (t = oiji())gi(wi(t — vizi(t)))

j=11=1

2

+Z/Blj / sz -Tj t—S))dS

+oo

2 2
+ 30 Swalt) [ Pt = o)k ())ds
Jj=11=1 0
+oo
/Qmu—$mum»@+nw, (22)
0

where z;(t) = 29(t)eg + z}(t)er + 22 (t)ea + z%(t)e12 and i = 1, 2.

. 10 10 01
For 1 < i < 2, let eg = <01),€1 = (0_1>7€2 = (1()) and ejp =
01
-10)°

For p,v € M, satisfying (A;) and (As), we consider the measure p(t) where

its Radon-Nikodym derivative is p;(t) = 5!, and the measure v/(t) where its
Radon-Nikodym derivative is

() = et ift <0,
PR =91 e so.
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We take the following parameters:

f(zi) = g(z;) = h(z:) = k(zy), i = 1,27
fla:) = |29 + 1] — |f +1|€ + L cosate +icosx . +icosx12e
Yo 22 20 1T o7 27T 9] 12

=Ll =1/=L"=1LF=1d/=d5=0.1,
ri(t) = 0.5, 73 (t) = 04(t) = vi(t) = 0.5| cost].
Let
Gii(t) = Piji(t) = Qiu(t) = e, K; = %t and k, = 0.5 for 1 = 1,2, 3.
c1(t) = (44 cos?t)eg, ca(t) = (4 + sin’t)ey,

and
q1(t) = 0.12sin(t)eq,
g2(t) = 0.12 cos(t)eo,

and

2
a11(t) = 0.1sin eo + 0.3sin (V/3t) eq,
1(t) <2+sint+sin (\/315)) 0 ( ) !

alg(t) = 0.1eg + 0.16_t262,
azl(t) =0, agg(t) =0.1eg + 0.16_t612,
and

a1 (t) = ar21(t) = ai22(t) =0,

1
a112(t) = 0.3 cos e+
112(t) <2+sint+sinﬂt> 0

1 0.1
as11(t) = 0.6sin(v/5t)e; + 0.3 sin es + €12,
211(t) ( Jer (2—|—cost+sin\/5t> T

az12(t) = a221(t) = a22(t) =0,

and

1
t) = 0.4sin eg + 0.4sin (\/it) e1,
fu(t) (2+cost+COS\/§t> 0 !

Br2(t) = B21(t) =0

Bgz(t) = 0.2¢eg + 0.2 cos (ft) €1 + ——=elo,

0.1
1+¢2
and

p121(t) = p122(t) =0,

p111(t) =
1 0.1
0.2sin ez + ——e€q2,
)= <2+sint+sinﬂt> SN
) =
) =

p112(t

(
(
po11 (t 212(t) = paga(t) =0,
(

1 0.1
t 0.4 sin e1 + ——eo,
P2z <2+sint+sin\/§t) PTI?
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and
. 1
I, (t) = 0.7sin <

2 4 sint + sin V2t
1

0.3
I>(t) = 0.7 cos eop+ 0.7 | sint + e
2() (2+cost+cosx/5t> 0 ( 1+t2> !

+0.7cost es + 0.7 sin (\ﬁt) + 6_t2612

) eg + 0.7e1 + 0.7sintey + 0.7 cos (\/it) €12,

We have
A= max {qz‘ + = [c q; —&—Za” j +lezla”ngLg+ZB” ] / |Gij(u)|du
J
2 2 +oo +00
‘*‘ZZPZIL?L? / | Pyji(u)|du / |Qijl(u)|du:|} =0.9509 < 1,
j=11=1
_ ] 949 + 1949
9_112?52{%—"_[0 qz*Z% J+lezlawlLd lej)
J
2 2 2 +oo
+251*JL? / |GU ‘du ZZ 1]1/ z]l |du/ ‘Qz]l |d’LL(Lkdl —I—Lkdk):|}
=1 sl
=0.8825 < 1
and
Yo =su ¢i(t) + K; [ Y+ Y alL
= { ~a >l

2
1 1
* 919 99

+Zzaijl<Lg‘dzlq +Lidj— )
j=11=1

2 2

SN WALY / Pyl
=1

j=1

1
+Lydy / |Qijl(u)du} - q]} =-1.1779 < 0.
J
0

By a direct computation, we can check that all the conditions of Theorem [3]
are satisfied. Therefore, the system (22) has an unique (u,v)—PAA solution
which is represented in Figures and Besides, the unique (u, v)—PAA
solution of the system is global exponential stable. Almost automorphy
is not always as easy to identify visually. In the above example z¥, x}, 2?
and x}? with i = 1,2 never exactly repeat themselves. They are not periodic.

Figures pli6}7| and [8| confirm the global exponential stability of the (u,v)—PAA

+Zﬁz] ]/|Gl] |d'LL
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Time ()

Fig. 1 Curves of a:?, i = 1,2, of the system .

solution for the system . Figures [1| to [8| confirm that the proposed condi-
tions in our theoretical results are effective for the above example.

Remark 9 In the above example, r;(-), 7i;(-), 0:5(-), vij(-) represent the
time-delay functions. The time-delay as an inherent feature of signal trans-
mission between different neurons is one of the main sources for causing dy-
namic properties of the system . It should be mentioned that the presence
of time-delay is a particularly harmful source of potential instability. In this
example, the established criteria are straightforward to test and independent
of delays, that is, the stability of the considered NN models is insensitive to
the presence of the delays.

5 Conclusion

In this manuscript, neutral type Clifford-valued HOHNNs with mixed delays
and D operator have been studied. By employing the fixed point theorem and
differential inequalities, new sufficient conditions for the existence, uniqueness
and global exponential stability of the (u,v)-pseudo almost automorphic so-
lutions have been established. To our best knowledge, this is the first paper
studying the (p,v)-pseudo almost automorphic solutions in Clifford algebra
for such kind of NNs. As future research, there are some paths in this article
that can be explored further. For instance:
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i=1,2.

x1,

Time ()

Fig. 2 Curves of :1:{ and x% of the system .

1. In the model (I, the activation functions of signal transmission f;(-), g;(.), h;(-)
and k;(-) are continuous functions. They can be considered as discontinu-
ous functions due to the impulse behavior of firing neurons.

2. The concept of Stepanov like pseudo weighted almost automorphy (WP AASP)
is quite sophisticated. However, the dynamic oscillations of delayed systems
with W PAASP parameters are still relatively new. Soon, we will try to in-
vestigate dynamic oscillations of HOHNNs with W PAASP parameters in
Clifford algebra.

3. The study of second-order such systems [35[36].

References

1. Achouri, H., Aouiti, C., & Hamed, B. B. (2020). Bogdanov-Takens Bifurcation in a
Neutral Delayed Hopfield Neural Network with Bidirectional Connection. International
Journal of Biomathematics, 13(06), 2050049.

2. Ait Dads, E. H., Ezzinbi, K., Miraoui, M. (2015). (u, v)-Pseudo almost automorphic so-
lutions for some non-autonomous differential equations. International Journal of Math-
ematics, doi.org/10.1142/S0129167X15500901

3. Alimi, A. M., Aouiti, C., Chérif, F., Dridi, F., & M’hamdi, M. S. (2018). Dynamics
and oscillations of generalized high-order Hopfield neural networks with mixed delays.
Neurocomputing, 321, 274-295.

4. Aouiti, C., & Dridi, F. (2019). Piecewise asymptotically almost automorphic solutions
for impulsive non-autonomous high-order Hopfield neural networks with mixed delays.
Neural Computing and Applications, 31(9), 5527-5545.

5. Aouiti, C., M’hamdi, M. S., Touati, A. (2017). Pseudo Almost Automorphic Solutions of
Recurrent Neural Networks with Time-Varying Coefficients and Mixed Delays. Neural
Processing Letters, 45(1): 121-140.



28

Chaouki Aouiti! et al.

Time (t)

Fig. 3 Curves of :1:? for i = 1,2, of the system .

10.

11.

12.

13.

14.

15.

Aouiti, C., & Dridi, F. (2019). New results on impulsive Cohen-Grossberg neural net-
works. Neural Processing Letters, 49(3), 1459-1483.

Aouiti, C., Dridi, F. (u,v)-Pseudo-almost automorphic solutions for high-order
Hopfield bidirectional associative memory neural networks. Neural Computing and
Applications.doi.org/10.1007/s00521-018-3651-6

. Aouiti, C., Gharbia, I. B., Cao, J., M’hamdi, M. S., Alsaedi, A. (2018). Existence and

global exponential stability of pseudo almost periodic solution for neutral delay BAM
neural networks with time-varying delay in leakage terms. Chaos, Solitons & Fractals,
107, 111-127.

Aouiti, C., & Ben Gharbia, I. (2020). Dynamics behavior for second-order neutral Clif-
ford differential equations: inertial neural networks with mixed delays. Computational
and Applied Mathematics, 39, doi.org/10.1007/s40314-020-01148-0

Aouiti, C., Ghanmi, B., & Miraoui, M. (2020). On the differential equations
of recurrent neural networks. International Journal of Computer Mathematics,
doi.org/10.1080,/00207160.2020.1820493

Aouiti, C., Sakthivel, R., & Touati, F. (2020). Global dissipativity of fuzzy cellular
neural networks with inertial term and proportional delays. International Journal of
Systems Science, (51), 1392-1405.

Aouiti, C., Sakthivel, R., & Touati, F. (2020). Global dissipativity of fuzzy bidirectional
associative memory neural networks with proportional delays. Iranian Journal of Fuzzy
Systems, doi.org/ 10.22111/1JFS.2020.5709

Delanghe, R., Sommen, F., & Soucek, V. (1992). Clifford algebra and spinor-valued func-
tions: a function theory for the Dirac operator. (Vol. 53). Springer Science & Business
Media.

Brahmi, H., Ammar, B., Chérif, F., Alimi, A. M. (2014). On the dynamics of the high-
order type of neural networks with time varying coefficients and mixed delay. Neural
Networks 2063-2070.

Brahmi, H., Ammar, B., Alimi, A. M., Chérif, F. (2016). Pseudo almost periodic so-
lutions of impulsive recurrent neural networks with mixed delays. In Neural Networks
(IJCNN), 2016 International Joint Conference on 464-470.



Title Suppressed Due to Excessive Length 29

x12 i=1,2.

Time (t)

Fig. 4 Curves of :1:112 for ¢ = 1,2, of the system .

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chen, Z. (2018). Global exponential stability of anti-periodic solutions for neutral type
CNNs with D operator. International Journal of Machine Learning and Cybernetics,
9(7), 1109-1115.

Diagana, T. (2013). Almost automorphic type and almost periodic type functions in
abstract spaces. New York: Springer.

Huo, N., Li, B., & Li, Y. (2020). AntiPeriodic Solutions for CliffordValued HighOrder
Hopfield Neural Networks with StateDependent and Leakage Delays. International Jour-
nal of Applied Mathematics and Computer Science, 30(1), 83-98.

Li, Y., & Xiang, J. (2019). Existence and global exponential stability of anti-periodic
solution for Clifford-valued inertial Cohen-Grossberg neural networks with delays. Neu-
rocomputing, 332, 259-269.

Li, Y., Xiang, J., & Li, B. (2019). Globally asymptotic almost automorphic synchro-
nization of Clifford-valued RNNs With Delays. IEEE Access, 7, 54946-54957.

Li, B., & Li, Y. (2019). Existence and global exponential stability of pseudo almost
periodic solution for Clifford-valued neutral high-order Hopfield neural networks with
leakage delays. IEEE Access, 7, 150213-150225.

Li, Y., & Xiang, J. (2020). Existence and global exponential stability of anti-periodic
solutions for quaternion-valued cellular neural networks with time-varying delays. Ad-
vances in Difference Equations, 2020(1), 47.

Liu, Y., Xu, P, Lu, J., & Liang, J. (2016). Global stability of Clifford-valued recurrent
neural networks with time delays. Nonlinear Dynamics, 84(2), 767-777.

Liu, Y., Zhang, D., Lu, J., & Cao, J. (2016). Global u—stability criteria for quaternion-
valued neural networks with unbounded time-varying delays. Information Sciences, 360,
273-288.

Liu, Y., Zhang, D., & Lu, J. (2017). Global exponential stability for quaternion-valued
recurrent neural networks with time-varying delays. Nonlinear Dynamics, 87(1), 553-
565.

Ren, F., Cao, J. (2007). Periodic oscillation of higher-order bidirectional associative
memory neural networks with periodic coefficients and delays. Nonlinearity, 20(3): 605-
629.



30

Chaouki Aouiti! et al.

— 0 {2 01— 02

Time(t)

01— 0/ Oin-. U=
Krt =02 —— -1 —0=-2

E | | | | | | |
0 05 1 15 2 25 3 35 ¢

Time (t)

Fig. 5 Stability of x?, i = 1,2, of the system .

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Veech, W. A. (1965). Almost automorphic functions on groups. American Journal of
Mathematics, 87(3), 719-751.

Xu, C. J., Li, P. L. (2017). New Stability Criteria for High-Order Neural Networks with
Proportional Delays. Communications in Theoretical Physics, 67(3), 235.

Xu, Y. (2017). Exponential stability of weighted pseudo almost periodic solutions for
HCNNSs with mixed delays. Neural Processing Letters, 46(2), 507-519.

Xu, C., Li, P. (2018). On anti-periodic solutions for neutral shunting inhibitory cellular
neural networks with time-varying delays and D operator. Neurocomputing, 275, 377-
382.

Yao, L. (2018). Global convergence of CNNs with neutral type delays and D operator.
Neural Computing and Applications, 29(1), 105-109.

Yao, L. (2017). Global exponential convergence of neutral type shunting inhibitory cel-
lular neural networks with D operator. Neural Processing Letters, 45(2), 401-409.
Zhang, A. (2018). Almost periodic solutions for SICNNs with neutral type proportional
delays and D operators. Neural Processing Letters, 47(1), 57-70.

Zhang, A. (2017). Pseudo almost periodic solutions for neutral type SICNNs with D
operator. Journal of Experimental Theoretical Artificial Intelligence, 29(4), 795-807.
Zhang, W., Zuo, Z., Wang, Y., & Zhang, Z. (2019). Double-integrator dynamics for
multiagent systems with antagonistic reciprocity. IEEE Transactions on Cybernetics.
50(9), 4110 - 4120.

Zhang, Y., Liu, Y., Yang, X., & Qiu, J. (2020). Velocity Constraint on Double-Integrator
Dynamics Subject to Antagonistic Information. IEEE Transactions on Circuits and
Systems II: doi 10.1109/TCSII.2020.2999375

Zhu, J., & Sun, J. (2016). Global exponential stability of Clifford-valued recurrent neural
networks. Neurocomputing, 173, 685-689.



Title Suppressed Due to Excessive Length

31

‘ T T T
—xi[om —xi(U):Z x}(o;ﬂ —xi(o):—z
1\ =
AL T —
L4 i
| | | | | | |
0 05 1 15 2 25 3 35
Time (t)
2 I T T T T
— el —— 2 0= —Q(u;:—z{
1\
HXN oL
4 i
| | | | | | |
0 05 1 15 2 25 3 35
Time ()

Fig. 6 Stability of :tll for i = 1, 2, of the system .
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