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Thailand generalized neural networks (GNNs) with mixed-interval time-varying delays based

on nonfragile feedback control to achieve the improved stability criterion. We also
propose a new integral inequality with an exponential function to estimate the
derivative of the Lyapunov-Krasovskii functional (LKF). Furthermore, the well-known
Wirtinger's inequality is a particular case of the new integral inequality. Using a
toolbox optimization in MATLAB, we derive and solve new delay-dependent
conditions in terms of linear matrix inequalities (LMIs). Additionally, we give three
numerical examples to show the advantages of our obtained methods. The examples
can apply the continuous time-varying delays that do not need to be differentiable.
One of them presents the benchmark problem’s real-world application, which is a
four-tank system.
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1 Introduction

Neural networks (NNs) have a large capacity for information processing. NNs have been
utilized in various applications such as combinatorial optimization, pattern recognition,
associate memory, image processing, fixed-point computations, and signal processing [1-
4]. There are two major classes of NNs [5—13]. The first of those are static neural networks
(SNNs), which utilize the external states of neurons (neural states of neurons). The second
are local-field neural networks (LFNNs), which are the internal states of neurons (local-
field states). In recent years, Zhang and Han [14] first combined SNNs and LFNNs into
a new unified system of NNs called generalized neural networks (GNNs). Throughout
the implementation of NN, a time delay can occur due to the communication time of
neurons or the finite switching speed of the neuron amplifiers. Time delays may cause
© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The

images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not

L]
@ Sprlnger permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13660-023-02973-7
https://crossmark.crossref.org/dialog/?doi=10.1186/s13660-023-02973-7&domain=pdf
https://orcid.org/0000-0001-9325-5560
mailto:thongbo@kku.ac.th
http://creativecommons.org/licenses/by/4.0/

Zamart and Botmart Journal of Inequalities and Applications (2023) 2023:61 Page 2 of 34

poor performance, instability, divergence, or even oscillation. Hence, the stability analysis
of GNNs with time delay has attracted much attention [14—21]. The delayed GNNs can
be classified as constant delay, distributed delay, time-varying delay, interval time-varying
delay, and mixed delays.

Finite-time stability can apply to real-life problems such as an industrial weight scale.
The system of an industrial weight scale needs to attain its state value within a certain
threshold for a finite time, so the system uses a magnetic force to reach the system’s equi-
librium point faster. Stability analysis of the preceding situation is called finite-time sta-
bility. Finite-time stability was introduced in 1961 by Dorato [22]. In 2001, Amato [23]
presented finite-time boundedness by extending finite-time stability with the external dis-
turbance. The finite-time stability problem for delayed NNs has received much attention
[10, 13, 19, 20, 24—26]. For example, Vadivel et al. [13] investigated the finite-time sta-
bility of the recurrent NNs with time-varying delays and leakage terms under the event-
triggered controller. Later, Phanlert et al. [19] studied the problem of finite-time mixed
H../passivity of the GNNs with mixed interval time-varying delays. After that, the prob-
lem of finite-time-based reliable dissipative control for neutral-type artificial NNs with
time-varying delays has been presented by Saravanakumar et al. [25]. Past studies on finite-
time stability for NNs with time-varying delays mostly assume that delays are in the form
of differentiable functions. Consequently, this article focuses on the GNNs with continu-
ous nondifferentiable time-varying delays.

In the real world, the inaccuracy appearing in controller operation is inevitable since
perturbations in the controller gain are frequent and may result from actuator deteriora-
tion. Thus, precision controllers that are insensitive to the controller’s acceptable oper-
ating faults are called nonfragile controllers and have been studied by many researchers
[5,9, 10, 18, 27-31]. For instance, Ali et al. [5] studied the problem of NNs for finite-time
H, with mixed time-varying delays based on a nonfragile feedback controller. Later, Ra-
javel et al. presented the problem of finite-time stability and passivity performance for
NNs with time-varying delay based on a nonfragile state feedback control [9]. After that,
the problem of extended dissipative for GNNs under a nonfragile feedback controller with
time-varying delay has been investigated by Manivannan et al. [18]. Recently, Kumar et al.
[27] investigated the finite-time stability for a T-S fuzzy flexible spacecraft system with
uncertainties and stochastic actuator faults under a sampled-data nonfragile controller.

To reduce the conservatism of the Lyapunov theory’s stability criterion, the estimation
of the derivative of the presented LKF applied several techniques. For instance, the vari-
ous inequalities used in the control field are Park’s inequality [32], Moon’s inequality [33],
the free-weighting matrix method [34], and other inequalities [35, 36]. Some well-known
inequalities are Jensen’s inequality [37] and Wirtinger’s inequality [38]. Recently, an in-
tegral inequality with an exponential function has been presented by Zamart et al. [39].
Moreover, they presented the novel delay-dependent criteria of finite-time stabilization
for linear systems with fewer conservatism stability criteria. However, finite-time stabil-
ity is an important and pertinent problem for developing integral inequalities to reduce
conservatism.

Inspired by the previous discussion, we aim to develop a new integral inequality com-
bined with the LKF technique to improve results. Furthermore, we investigate the finite-
time stability for GNNs with mixed-interval time-varying delays via the state feedback
controller with a nonfragile issue. The main features of this article are listed as:
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« We propose a new inequality with an exponential function to estimate the single
integral terms of the derivative of LKFs. The stability criteria in terms of LMIs are less
conservatism. Moreover, the new inequality covers the well-known Wirtinger’s
inequality.

+ We can solve new delay-dependent conditions for guaranteeing finite-time stable and
finite-time boundedness of the GNNs with mixed-interval time-varying delays that do
not need to be differentiable.

« We compare minimum allowable lower bounds (MALBs) of ¢, from the new sufficient
conditions between the new inequality, Wirtinger’s inequality [38] and the inequality
in [39]. Those inequalities apply to improve stability criteria using the same LKFs.

«+ Our results show that the new inequality can reduce conservatism more than
Wirtinger’s inequality [38] and the inequality in [39].

+ We design the nonfragile state feedback controller for the GNNs with mixed-interval
time-varying delays and present an example of a practical application that applies our
results on a four-tank system.

The paper is organized as follows. We present the GNNs, some preliminaries, and the
new integral inequality with an exponential function, in Sect. 2. Section 3 investigates the
new sufficient conditions of finite-time stability, finite-time boundedness, and finite-time
boundedness based on the state feedback controller with a nonfragile issue for the delayed
GNN:s. In Sect. 4, three numerical examples illustrate the effectiveness of our methods.
Finally, we conclude and discuss our article in Sect. 5.

Notations This article uses the notations as follows: R” denotes the #-dimensional Eu-
clidean space; ||-|| denotes the Euclidean vector norm of a matrix; I indicates the iden-
tity matrix; diag{- - - } refers to a block-diagonal matrix; Q7 and Q! represent the matrix
transport Q and matrix inverse Q, respectively; the notation Q < 0 (or Q < 0) denotes the
real symmetric matrix Q is negative definite (or Q is negative-semidefinite); Amin(Q) (or
Amax(Q)) represents the minimum (or maximum) eigenvalue for real symmetric matrix Q;
L5,[0, 00) refers to a quadratically integrable function space over [0, 00); Sym{Q} denotes
Q + QT; « refers to the elements below the main diagonal in a symmetric matrix.

2 Problem statement and preliminaries
This article presents the GNNs with distributed and interval time-varying delays as the
following:

x(t) = —Ax(t) + LQf(Wx(t)) + L]f(Wx(t - h(t)))
t-n1(8)
+L, / f(Wa(w)) du + Lyw(t) + Bu(t), 1)
t=n2(t)
y(t) = x(t)y
x(t) = d’(t)) Vte [_hM10]¢

where x(£) € R” represents the state vector at time ¢; # is the number of neurons; A =
diag{as, ay,...,a,} with a; > 0 denotes a positive diagonal matrix; f(Wx(t)) = [fi(Wx1(2)),
Fo(Way(2)), ..., f(Wx,(£))]T indicates the activation functions; W, Lo, Ly, and L, refer to
connection weight matrices; L3 and B refer to real constant matrices that are known; w(t)
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Figure 1 Systematic diagram of the nonfragile controller

refers to the external disturbance input; u(t) € R” denotes the control input; y(t) € R” is
the output of the system; 4(£) and n;(¢) (i = 1,2) represent the interval time-varying and
interval distributed time-varying delays. Both functions are called mixed-interval time-
varying delays. The continuous functions /() and n;(¢) (i = 1,2) satisfy conditions as fol-

lows:
0<h, <h(t)<hy and 0=<n <) <nt)<n, te[0,T],

where 4, hy, 11, 12 € R refers to known real constants.
This article studies the state feedback controller with a nonfragile issue as the following:

u(t) = (K + AK(0)x(2), 2)

where I denotes the controller matrix that is gained and AK(¢) refers to a perturbed
matrix, where it is assumed that the function satisfies AK(¢) = D1 F(t)D, where D; and
D, represent known real matrices with appropriate dimensions and the unknown time-
varying matrix F(¢) satisfies FT (¢)F(t) < 1.

Remark 1 Figure 1 shows the nonfragile controller mechanism which is a type of control
system used in the neural-network model. The controller regulates the flow of information
between neurons. It is designed to provide robustness and stability to the model, allowing
it to handle unexpected inputs better. The implementation of the controller may obtain
some perturbations due to the system faults or the controller gain readjustment circum-
stances. The nonfragile state feedback controller is the fault-insensitive controller.

Assumption A1 For each f(¢), i = 1,2,...,n are continuous activation functions that are
bounded and satisfy

b SOV W) _

= ’ y K2 ) ? 2
‘ UKK]—WKZ ¢

where F; and F;" are known real constants.

Assumption A2 w(¢) is the external disturbance and satisfies

T
/ o Wwt)dt <d, d>0,T is a time constant.
0
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Definition 2.1 ([23]) Given positive constants c;, ¢, and T with 0 < ¢; < ¢y and H is a
symmetric positive-definite matrix. The GNNs (1) are finite-time bounded with respect
to (c1,¢0,H, T),ifVt € [0, T]

sup {xT(s)Hx(s),a'cT(s)Ha'c(s)} <c = xT(O)Hx({)<cy. (3)

—hp<s<0

Remark 2 When including the external disturbance term, the finite-time stable can be
extended to the finite-time boundedness. Thus, the finite-time stability is a particu-
lar case of finite-time boundedness. The finite-time stability and finite-time bounded-
ness problems for NNs with time-varying delay have attracted considerable attention
[10, 13, 19, 20, 24—-26]. Consequently, this article investigates both the finite-time stability
and finite-time boundedness for the GNNs with mixed-interval time-varying delays and

an external disturbance. Hence, our results are genuinely general.

Lemma 2.2 (Jensen’s inequality [37]) For any scalars d, and dy, any symmetric matrix
M e R™" M =MT >0, the inequality holds as follows:

doy d T d
(dy —dy) T () Mx(u) du > (/ x(u) du) M(/ x(u) du).
d d

dy 1 1

Lemma 2.3 (Wirtinger’s inequality [38]) ) For any symmetric matrix M € R"™*", M =
MT >0, any scalars d1, dy and continuously differentiable function x : [d1,d,] — R”, the
inequality holds as follows:

& 1 3
e () Mic(u) du > QIme Qrme,,
/dl &' (u)Mx(u) u_dz—dl 0 0+d2—d1 1 1

where Qo = x(dy) — x(d7), 21 = x(d,) + x(d1) - dzf—dl jlz x(u)du.

Lemma 2.4 ([39]) For any symmetric matrix M = MT > 0, M € R"™" and scalars ¢ > 0,
di,dy > 0 withd = dy — dy >0, the inequality holds as follows:

t—dy _ T 8 ~
_ / LT (M) dit < [x;(t dl)i| [ kM kgMj| |:x(t dl)]
t=d; x (t—d) koM —ksM | | x(t — dy)

where

k=2 €+1 0 _ ¢ €+l zeZle
2 d 2 d ’
_ @ 1 d 0 1 d: Q2 1 (dq+dy)
k2—(§+2)egl—<5—2 eg2+8 Z—E eQ 1+2,
2
0 1\ oa 0 1Y o
ka=—2 = — = b2 _ ¢ = - = ody
3 (2 d)ﬁ 8(2 p e

t—dy —od1 —ody
e —e
&= / e_Q(t_”) du B —
t

—dy Q
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Lemma 2.5 Foranysymmetric matrix M = MT > 0, M € R"*" and positive scalars a,b > a,

and o, the inequality holds as follows:

a

b
1 1
/ 05T (W Mic(u)du > — ST Mg + —STME,,
(Do d)l
where

b
Yo = x(b) — x(a), Y1 = e1x(a) + e9x(b) — / x(u) du,

(b —a)eeth) 1 (b-a)eet
&y =

1
17 altb) — golma) ~ o 0 et _golea)’

b
®, = f 0 gy = L (greted _ o),
o 0

b
CDlz/ e () du

e—ZQ(t—a) _ (2 + 92(19 _ a)2)e—g(2t—a—b) + e—QQ(t—h)
Qs(e*Q(f*b) — e*Q(t*ﬂ)) ’

b -1, b
L) =u- (/ e“’“"”du) (/ et udu)

Proof Define the function z as

b -1
z(u):emt-”)x(u)—( / e-Q“-S)ds) (x(b) - x(a))

b -1 b
—ll(u)< / e-Q“-S)zf(s)ds) < / ll(s)a'c(s)ds).

Since M > 0, we have 0 < f: e 2T () Mz(u) du and reinjecting z(u) into the integral,

we obtain

b
0 5/ 5T () M () du

+

b 1
+ </ e 2ts) ds) (x(b) - x(a)) TM(x(b) —x(a))

b -1, b T b
/ e92(s) d ) (f ll(s)o'c(s)ds> M(/ 11(5)56(5)615)

b -1
_9 / e —o(t s)ds> ( (b)—x((l))TM(x(b)_x(ﬂ))

b

2< t_s)lz(s ) (/ I (u)x( u)du) M(/ ll(s)a'c(s)ds)
b -1 b -1

+2( / emel- > ( f e-Q“-S)lf(s)ds) (x(b) - x(@)"

Page 6 of 34
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b b
M( / ll(s)a'c(s)ds) < / e-@“-mzl(u)du).

By simple integral calculus and integration by parts, we find that

b b -
/ 0] (1) dy = / o-olt- u)( [} eett-n udbt) "
a f e~elt-u) dy

b b b —o(t—u)
/ ey dy — / gl du(—f“ ¢ udu)
a fb eet-u) dy
a
=0,

b
/ et s = L (geten _ getea)y _ g,
a 0

b b b -o(t-s) 2
/ e—g(t—s)l%(s) ds = /. e—g(t—s) <S _ fa e SdS) ds
a a I eet9 ds

(be=olt=b) _ geolt=a)y 1 b olt-s)
| ey ) [ e
a

b _ 2 b
. |:(be 0(t-b) _ geo(t-a)) _ l] / o-elt-9) g
a

(e o(t=b) _ e—Q(t—ﬂ)) 0

_ [l(bzeea—m _ a2 32 (be 0D _ geelt-)
0 0

—_o(t-b o
+ 3(e‘Q“—h) - e—Q(L‘—a)) 2 (be o(t=b) _ geolt-a))2
QS Q (E‘Q(t—b) — e—Q(t—a))
2(be0t-b) _ geolt=a))  (g=e(t-b) _ e (t_a))]
- +
Q 02
1 (be0lt=D) _ geelt-a))2  o(peolt-b) _ goolt-a)
+ 5 (efQ(t—b) _ efg(t—a)) - .
(e—Q(t—b) _ e‘Q(t—ﬂ))
+ T
(BRe-0l-b) _ g2ee(t-0))  (pgralt-b) _ go-olt-a))2
Q B Q(e—Q(t—b) _ e—Q(t—a))Z

(e7elt-b) _ gmelt-a))

QB
—Q2(b2 —2ab + d2)e—g(2t7a—b) + (e—g(t—b) _ e—Q(t—a))Z
Qg(e—Q(t—b) — e—Q(t—ﬂ))

e—ZQ(t a) (2 + Q2(b a)Z) 0(2t—a-b) + e—ZQ(t—b)
3(6 o(t-b) _ e —o(t— a))

b b / b g-o(t=5)g
/ L (s)x(s) ds = / (s - “bi)ic(s) ds
a a fa e_Q(t_s) ds

1l
1l
k2

(4)

(5)

(6)

Page 7 of 34
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b b / b g-o(t-95
:/ sx(s)ds_f x(s)ds(“bi)
a a fa e_Q(t_S) dS

b
= bx(b) — ax(a) —/ x(s)ds

(beelt=b) _ ge-olt=a)y  (gelt=b) _ g-elt-a)y
) [ 0 ) 0 ]
0(x(b) — x(a))

(e=e(t=b) _ g-olt-a))

b
= bx(b) — ax(a) —/ x(s)ds

(be 2P — =0 (x(b) - x(a)  (x(b) - x(a))
- (e-0-b) _ g-o(t-a) " 0

b
= g1x(a) + ex(b) — / x(s)ds = X1, (8)

From inequality (4) and the above integral, we obtain

b
1 1
/ T (Mi(u) du > — I My + —ZIMS.
Do D

a

Therefore, the proof is complete. g

Remark 3 If o =0, then ®g=b—a, ®; = %, Yo =x(b) —x(a) and X = b‘T“[x(a) +x(b) -
ﬁ f: x(u) du]. That is, Lemma 2.3 or the well-known Wirtinger’s inequality is a particular

case of Lemma 2.5.

Lemma 2.6 ([40]) For any real matrices of appropriate dimensions D1, D,, and F(t) satis-
fying FT(t)F(t) < I, then, for any scalar & > 0,

D\F(t)Dy + DIFT(t)DI < e7'D,DI + eDID,.

Lemma 2.7 (Schur complement [41]) Given X, Y, and Z are constant matrices with ap-
propriate dimensions and satisfying X = XT,Y = YT >0, then X + ZT'Y~1Z < 0 if and only

if
x zT -Y Z
<0 or <0.
Z -Y VARED'¢
3 Main results

This section proposes new delay-dependent conditions for delayed GNNs of the main
theorems. Our first and foremost condition is defining parameters as follows: /1, = hip —

hm’ hMm 710,

e 20hm (2 4 o2h?% e 0Mm 1+ 1
03(1L — e~ohm)

’

Via = —(1—e), Yib =

Yag = = (€70 — g0H),

R D

Page 8 of 34
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—2Qh (2+Q2(h(t) hm)Z)e o(h(t)+hp) +e—2ghm

Yab = 0 3(e~ ohm _ g—oh(t )) ’
Yoo = - (e0H0  gom),

Q

€20 (2 1 02 (s — hi(t))?)e 0HO+hm) 4 g=20h(0)
V3b = )

03(e~0h0) _ g=ohur)

e 20 _ (2 + o%h2,)e0m 4+ 1

1
Yaa = _(1 - e_QhM)r Yab =

0 03(1 —e0m) '
Mo 1 1 hyehm
1= ——— - 2, flg=— -
N P 20 1-e0m
_(h(0) = hy)e@m 1 1 (h(0) - hy)e®
U e _ ek o' 2T T T thm _ ok
U - (@) 1 1 (g - h(e)e e
BT g o' 2T T a0 _ gmohw
B Iy 1 _ 1 hMe‘QhM
841_71—(3*9’% —E, 842—5—71_679,%,
T
I = [elT hmel, hMeu] , Iy = [e7T el —el el —eff] ,
T T
L=l o], =[] Tse[df @] Te=[ef -]
T T
;= [eueZT + euelT - hmelTO] , g = [e - eg] ,
T T
[y = [821€§ +&22€) —hMmesz] , o= [egT —€4T] ,
T T
= [83134{ +epe; — hMmeng] ) Iy = [elT - BZ] ,
T
Flg = [841(3[{ + 84261 hMen] ’ F14 = [65 —€ WTFT]
Tis=[FpWey—esl,  Tie=[el —el WTFL]",  Tiy=[FpWes - ec),

Tig=[ef —el -l WIFL + el WTFL]",
I'yg = [FpWey — FpWes — e5 + eg],

FM:diag{Fl_,...,F;}, Fp:diag{Ff,...,F;},

e _ 1 e%hm _ 1 e —oh,, —
1= 0 ) 2= T} 83 = Tr
eohm — eohm _ ol e — ohy 1
64 = Q2 ’ 85 = T)
9™ — g2 — opyy
$=—%5—— ma=m-m
@

and we define vectors as follows:

O [xT(t),xT(t = h) kT (£ = h(0), &7 (¢ = ), T (Wi (),

FT(Wa(t = h(0))), &7 (@), &7 (8 = ), 57 (¢ = hiag),
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L du, / "wan,—— [
- x% (u) du, — x% (u) du, ————— x%(u) du,
B i It J iy h(t) =l J e

1 t—h(t) . t-n1(t) . . T
_— x (u)du,/ Wx(u)) du, w (t)i| ,
hat = h(t) Jeony, t=n2(2) / ( )

€ = I:Onx(j—l)n In Onx(lS—j)n:I ’ j: 1,2,...,15.

3.1 Analysis of finite-time boundedness
We first obtain new delay-dependent conditions for the problem of finite-time bounded-
ness of the GNNs (9) with mixed-interval time-varying delays as the following:

x(t) = ~Ax(t) + Lof (Wx(0)) + Lif (Wx(t - h(2)))

t-n1(t)
+Ly / f(Wx(u)) du + Lzo(t), 9)

-12()

x(2) = ¢(t), Vte[-hy,0].

Theorem 3.1 Given positive scalars hy and o then the delayed GNNs (9) are finite-time
bounded regarding (c1, ¢y, T, H, d), if there exist symmetric positive-definite matrices P €
R337, Q; € R¥™ 2, R, e R™™ (i = 1,2,/ = 1,2,3), Z,X € R"™*", any matrices N1, N>, and
positive diagonal matrices S1, Sa, Ss, such that the conditions hold as follows:
H<0, (10)
Ml<Pi<MI,  0=<Py<il, 0=<P3<isl, 0=Q;=<hdl,
0=Qpu=<isl, 0=Qu=hil, 0=Qu=<iI  0=Qp=hisl, (11)

1, 0 <R; <Al 0 <Ry <Al 0 <R3 < Apal,

BQT[EACI + d)»14(1 — B_QT)] < )\()Cg, (12)
where
P00 Qi Q o Q
P={0o P, 0], Q1=[*“ le]’ Q2=|:*21 QZZ]
0 0 P 13 23

Er=T3(Q1+ Q)3 — ] (€7 Q1)Ty — I'{ ("M Qy)Ts,

h h
Eg = hfne7TR1e7 + h,sze7TR2e7 + ]’112\4€;ng€7 — —mF6TR1 F6 — y—mF7TR1 F7
la 1b

hMm

I i I
Tg RyTg — —TIRy Ty — 2T [ Ry yg — —— T Ry Ty
V2b V3b

Y2a V3a

Ty Ty
~ T LR3Iy — —T L R3Ty3,
Y4a Yab

Page 10 of 34
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]

4= 2165 I'Zes — eg'”e 1Ze1a,

Q)]

=2 ST +2rks,rl + 2rkssri,

[I]

= _Q615X315,

]

7 Sym{ [ef N1 + el Ny |[—e; — Aey + Loes + Lies + Loers + Lzess) ),

(1]

a = AL+ Ay + Hpghs + 81(Ag + 25 + Ag) + 82(A7 + 2Ag + Ag)
+ hmS3h10 + MatmSari1 + hardsiia + n2186M13,
20 = Amin(P1), A1 = Amax (P1), A2 = Amax (P2), A3 = Amax (P3),
M= hnax @) A =A@ A= Ama(Qiz) A7 = Anax(Qa),
he = hmax(Qa)s Ao = Amax(Qaa)s  A10= AnmaxR1), Aan = Amax(Ro),

)‘-12 = )\max(ES)r )\13 = )\max(z)) )‘-14- = )\max(X)~

Proof We construct the LKFs as the following:

4
V(L) = > Vi(tal)),
i=1
where
Vi(6,x(8)) = pf ()Pp1(2),
Vales©) = [ el Qo

t
+/ € 5T (1) Qs (1) i,
t

—hpr

Vs(t,x(t)) = / y /t 9% ()R1x(s) ds du
+ Bptm / / 5T (5)Ryik(s) dis du
+ g / . /t . e? 95T (s) Ry (s) ds du,
Va(£,%(2)) = 11 / nzm t: L IT (Wa(s)) Zf (Wa(s)) ds du,

T
p1(t) = [xT(t) f[ o xT (1) du ft - xT )du] ,
) T
mm{ﬂmx%ﬂ
Taking the derivative of (13) along the trajectory of the GNNs (9), we obtain
x(t)

Vi(6,x(8) = 20] (OP | 2(2) = x(t = ) | — 001 (OPp1(®) + 0 Vi (£,%(2))
x(t) — x(t — hy)

(13)

Page 11 of 34
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=¢T(@®{Sym{I{ Py} - oT{ PT1}¢(£) + 0 Vi (£, 4(0))

=T (OB12(8) + Vi (5, %(0)),

Va(t,2(8)) = py ()Q1 () — €2 p) (£ = M) Qu 2t = hm) + p3 (£)Q2p2(2)
— 2" pT (£ — hpr)Qapa(t — hag) + 0 Va (£,4(2))

=T O] (Qu+ Q)5 = I'] (€27 Q) T4 — I (€271 Q,) s} £ (8)

+ o Va(tx(2))

= T(OE¢(t) + 0Va(tx(2)),

Vs(t,x(0)) = 2,67 () Rui(t) — hy / 5T (u) Ry i(u) du
t—hm

t—-h
+ 12y &7 (O)Ryx(t) = Magm /

t—hyg

t
+ 12, kT (O)R3%(t) — My / 5T () Rae(us) du
t—hpp

+0V3(t,x(1)),

Va(t,x(0)) = narf T (Wa(e)) 2f (Wa(t) )

(=) / T (W) 2 (Was(w)) it + Vi (6,5(0)

-n2

< n3f T (Wa(t)) Zf (Wa(2))

t-n1(8)

(- m@)e™ [T (Wal) 2 (W) ds

t-n2(t)

+0Vy (t, x(t)).

Applying Lemma 2.5 to the integral, we obtain

t
—hy, / 5T (1) Ry & () du
t—itm

Mo
< CT(L‘){—VT(el —e)) Ry(e1 —e2)

- V—m(€11€2 + &12€1 — hmeIO)TR1(€1132 + €12€1 — hmelo)}i(t)
15

/. /.
= CT(t){—y—FaTR1F6 - EF$R1F7)}§(t),

la

t—hy
~Hatm f 25T (1) Rode(u) du
t

“hy

b=t
= —hMm/ 5T (1) Rode(u) du
t—h(t)

t—h(t)
— Mt / 5T (1) Ro (1) du
t

hy

25T (1) Ryse(ut) du

(14)

(15)

(16)

(17)

(18)

Page 12 of 34
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Nptm
< {T(f){— ;\4 (e2 — €3) Ry(er — e3)

2a

ha
- y—:l(Szles + €226 — hMmelz)TRz(Szles + €226 — Mapmern)
p)
ha
— —"(e3 —es) " Ry(e3 — ea)
Y3a
hMm T
- y—(83164 +&32e3 — Mymers)” Ro(es1e4 + €303 — Mppmes) (£ ()
3b
My ha ha
= cT(t){— "y Ryl — ——2Tg RyT'g — —T'{{RyT"10
V2a Y2b V3a
h
- = Ry }z(t), (19)
V3b

t
—hy / 4T (1) Rak(u) du
t—hpr

h
< §T(t){—y—M(€1 —eq) R3(e1 —e4)

4a
i .
- y—(841€4 + &xer — haren1)” Rs(earea + eqper — hprenn) (£ (t)
'4h
ha

h
= iT(t){—VTFKZRSFu - ﬁFITSRSFB}q(t). (20)

Applying Lemma 2.2, we obtain

t=n1()

—(m) - m(@®)es™ f ST (Wa(u)) 2f (Was(w)) du

t-n2(t)
t-n1(2) T t-n1(2)
< _eom (/ ! fT(Wx(u)) du) Z(/ ! fT(Wx(u)) du)
t-n2(t) t=n2(t)
=T (O)f-e], (2™ Z)era} L (0). (21)

From Assumption Al, it can be inferred that for any Bi;, B2, Bsi > 0, i = 1,2,...,n, we

have
2fi(Wix(2)) — F;f Wix(t) | Bu[ Ff Wix(2) - fi( Wix(2)) ] = 0, (22)
2[fi(Wix(t - h(t))) = F; Wix(t - h(£)) ]| Bai
x [Ff Wix(t — h(0)) - fi( Wix(¢ - h(®)))] = 0, (23)
2[fi(Wix(2)) - fi( Wix(t — h(2))) — F; (Wix(t) — Wix(t — h(t)))] B
x [F (Wix(t) - Wix(¢ - h(2))) - fi(Wix(®)) + fi( Wix(t - h()))] = O, (24)
which imply
20T, S1T15¢ () = 0, (25)
20T (T [SaT17¢ (2) = 0, (26)

20T ()T S3T19¢ (£) > 0. 27)
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Thus, we have

0 < ¢ (®){2r{,SiT1s + 2T [ Sol17 + 2T (i S3T 10} £ (2)
=" () EsL (8),
where S1 = diag{B11, B12,..., Bin}, S2 = diag{Ba1, Baz,..., Pou}, and S3 = diag{Bs1, B2, ...,

:33;1}'

Moreover, for any appropriate dimensions matrices N, N,, we obtain

0 =2[x" ()N; + &(t)N, |:—5c(t) — Ax(t) + Lof (Wa(2))

t-n1(8)

& Lf (Wae(t - WD) + L /

t=n2(t)

f(Wx(u)) du + ng(t):|

= g'T(t){Sym{[elTNl + e7TN2]
X [—67 —Ael + Loes + L1€6 + L2614 + L3€15]}}2;(t)

=T ()¢ (). (28)
Combining (14)—(28), we obtain
V(t,x(0)) — oV (6,x(2)) — 00" ()Xe(t) < ¢ T (£)EC ().
From the conditions (10) and (12), we have
V(£x(8)) - oV (,x(t)) - 00" () Xeo(t) < 0. (29)

Multiplying (29) by e ¢, we can derive that

%(e“”\/(t,x(t))) <oe ol () Xw(t). (30)

Using assumption A2 and integrating (30) from 0 to ¢ with ¢ € [0, T'], we have
T
V(t,x(t)) < eQT[V(O,x(O)) + Q/ e o’ (W) Xw(u) dui|
0
< eQT[V(O,x(O)) + d)LM(l - e‘QT)]. (31)
Considering V(0,x(0)), we can derive that
0
V(0,%(0)) = pT ()1 (0) + f € 02(10) Qu o) i
—hm
0

o [ el Qs du

ha

0 [0
+ hy, / f e %x(s)R1x(s) ds du
~hy Ju
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—h 0
+ Myim / / e x(s)Ryx(s) ds du
+ hy / . / e %x(s)Rsx(s) ds du
+ 121 / / e osfT Wx(s))Zf(Wx(s)) dsdu

< pTOPp1(0) + / €% 03(1) Q1 pau) it

—hm

0
o [ e pl w0 Qupnti) du

hy

0 0
+ / / e Cx(s)R1x(s)dsdu
~hyy Ju

+hMm/ / e %x(s)Ryx(s) ds du

+ Iy / / e %x(s)R3x(s) ds du
—hpr Ju

-m 0
+ 121 / / e~ @xT(s)F,, ZF,x(s) ds du,
-m Ju

where F,, = diag{F},F;,...,F}W.
Letting P; = H 1PH" 2, Q= H 2 QuH 3, Qy = H1QuH %, Ri= HIRH 2, Z =
H 2F,ZF,H"%,i=1,2,3, we have

0 1— 1
V(0,x(0)) < pf (0)H2PH? p; (0) + / €% pa(u)H2 Q H?2 py(u) du

hm

0
o [ e plwH Q! oot d
hat
0 0 1— 1
+ hy, / / e % (s)\H2R\H 2 (s) ds du
Hm
~hy 0 1 L
+ Mptm / / e xT (s\H2RyH 2 x(s) ds du
+ Iy / / e T (5\H2 RyH 24T (s) ds du
~hpr Ju

-m 0
+ 721 / / e‘gsxT(s)H%ZH%x(s) dsdu
-n2
= {}"max(l_Jl) + M hmax (P2) + Myt hmax (Ps)
+61 [)‘max(éll) + kaax(alz) + )‘max(am)]
+ 682 [}\max(aﬂ) + 2)Lmax(azz) + )\max(GZB)] + hm83)tmax(1_el)
+ HptmSahmax (R2) + M85 hmax (R3) + 112186 Amax (Z) }

X sup {xT(u)Hx(u),icT(u)Hy'c(u)}

—hpr<u<0
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IA

{)Ll + hm)MZ + hM)Lg + 81()\.4, + 2)\.5 + )\6)
+ 82()\.7 + 2)\8 + )\.9) + hmag)\.lo + hMm84A11

+ 8512 + M2186A13 }e1

l
1]

AC1.
Moreover, from (13), we obtain
V(t,x(£)) = %" (O)P1x() > Amin(P1)x" () Hx(2) = Aox” (£)H(2). (32)

Then, from (31), (32), and LMI (12), we obtain

T e’
x' (£)Hx(t) <

[EAC1 + d)\,14(1 - e_QT)] < Cy.

0
Therefore, the delayed GNNs (9) are finite-time bounded respecting (ci, ¢z, T, H,d). The
proof is complete. 0

Remark 4 The activation function in Assumption Al does not need to be nonmonotonic
and differentiable since the constants F; and F}, i =1,2,...,n can be either positive, zero,
or negative. Since Assumption Al has been considered in (22)—(24) of this article, not
AOO) e - < SUBHO)  po LWV —fi(Wap) _ e
only F; < W = Ei and F; < Wit k) <F but also F; < W oWy =i Thus,
the assumption is weaker and more general than the usual Lipschitz condition (|f(Wx;) —

SF(Wxo)| < F|Wax1 — Waal).

Moreover, we derive the new sufficient conditions of finite-time boundedness of the
GNNs (9) with mixed-interval time-varying delays by applying the Wirtinger-based inte-
gral inequality as the following:

Corollary 3.2 Given positive scalars hy; and o then the delayed GNNs (9) are finite-time
bounded regarding (c1,¢2, T, H,d), if there exist symmetric positive-definite matrices P €
R331, Q; e R, Ry e R™" (i = 1,2,/ =1,2,3), Z, X, any matrices N1, N>, and positive
diagonal matrices S1, Sy, Ss satisfying LMIs (11) and (12) and

o

<0, (33)
where E =21+ By + B3+ 8B4 + B5 + E¢ + &7,
B3 = iel Rie; + M3y, 02 Roes + el Rye; — TE RiTg — 317 Ry T
T STp T T =T ™ T
— g Ry’ — 3Ty RNy — T'jg R0 — 3T RoTM11 — 5 Rl 1o
~r o~
— 3 5R3IM13,
T T T
I [62 +ef - 2310] o= [63 +el - 2312] Ty = [94 +el - 2613]

F13 = [ef + e1 2eu]

and the others as given in Theorem 3.1.
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Proof We apply the similarity of proof as in Theorem 3.1, except that we apply Lemma 2.3
(Wirtinger’s inequality) to the single integral in Equation (16). Therefore, it is omitted
here. d

Furthermore, we derive the finite-time boundedness of the delayed GNNs (9) by apply-
ing the inequality in Lemma 2.4 [39], and we define vectors as follows:

¢(t) = |:xT(t),xT(t — I, xT (£ = B(®), 67 (& = ag), f T (W(e)),

FT (Wt - 1)), &7 (0, &7 (& = 1), &7 (¢ = iag),

t

! " (0) g, — / " A
— x (u)au, — x (u)au,
M Jeep,, hat Jeony,

t-n1(t) T
/ FTH(Wa(u) du,a)T(t):| )
t-n(t)
¢ = [onx(,_l),, I, onx(lg_,-),,] , j=1,2,...,13.

Corollary 3.3 Given positive scalars hy; and o then the delayed GNNs (9) are finite-time
bounded regarding (c1,c2, T, H,d), if there exist symmetric positive-definite matrices P €
R337, Q; € R, R; e R (i=1,2, ) =1,2,3), Z, X, any matrices N1, Ny, and positive
diagonal matrices S, Sz, Ss satisfying LMIs (11) and (12) and

E <0, (34)

12 el Rie; + 13, el Ryes + el Rse;
T
e{ —MlRl Mle el
+hy |
e Wk —u3R || e
T
eZT —mle leRg €y
+ hMm T
el myRy  —m3R, | | es
T
el | |-mRy maR, ||es
+ hMm T
e; myRy  —m3Ry | | eq
T
el | |-viRs wRs ||e
+ hM T )
A Ry  —v3R3||es

|
w
I
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1 1 21
vy = g_,__ (.-~ QhM+p2 'Q___2 el
2" 2 hy 4 K
2
0 1 n Q 1 20h
=9 = - )M _ s _ ohm
& (2 hM)e '02(2 ) €
Q 1 h
my =2 =+ —— Je?" — =+ —
! (2 hMm) p3<2 .
2
iy = <€ N L)eghm _ (9 _ L)eahM N p3<9_ ] )eg(hth),
2" Myt 2 hyim 4 i,

o 1 o 1
=9 = - = )eohm _ =) gohm,
s <2 hMm)e ’03<2 hMm) ¢

1 — = 0hm 1 — e 0hum e~%hm _ g=0hy
p=——" Po=—"") p3=—">
4 e 0

(e}
—
SN—
N}
(3}
o
S
=
3

and the others as given in Theorem 3.1.

Proof We follow the similarity of proofas in Theorem 3.1, except that we apply Lemma 2.4
[39] to the single integral in Equation (16). Therefore, it is omitted here. O

3.2 Analysis of finite-time stability

This part presents the new delay-dependent criteria for guaranteeing the finite-time sta-
bility of the GNNs (35) with interval time-varying delay. If we let L, = 0 and L3 = 0 in the
GNNs (9), the GNNs (9) can be written as

x(t) = —Ax(t) + Lof (Wa(t)) + L f (Wa(£ - h(2))), 5
35
x(t) = ¢(t)! Vit e [_hMYO]J

which in (35) is a particular case for the delayed GNNs (9) and they can be encountered
asin [12, 15, 20].
Furthermore, we define vectors as follows:

c(6)= [xT(t),xT(t = ), & (£ = h(2)), &" (& = hg), ST (Wa(2)),
FE(Wa(t - h()), &7 (0), & (¢ = o), &7 (¢ = har),s

t T 1 t T 1 t—hy, T
— x (u)du,—/ x' (u)du, ——— x" (u) du,
o Jeen,, hat Sy, () =l Jeone

1 ho T
—_— x (u)du| ,
¢ = [onx(,-_l)n I, onx(lg_jm], j=1,2,...,13.

We derive the new delay-dependent conditions of the finite-time stability for the GNNs
(9) with interval time-varying delay by using the new integral inequality in Lemma 2.5 as
the following.

Corollary 3.4 Given positive scalars hy and o then the delayed GNNs (35) are finite-time
stable regarding (c1, c2, T, H), if there exist symmetric positive-definite matrices P € R3nx3n,
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Q e R¥™¥ R e R™" (i =1,2, ) = 1,2,3), any matrices Ny, N, and positive diagonal ma-
trices 81, Sz, S3, such that the following conditions hold:

]

: <0, (36)
ol <Py <M, 0<Py <A, 0<P; <Asl, 0 < Qy; < A4l
0<Qy < Asl, 0< Qi3 < Ael, 0<Qy <, 0 < Qy < Agl, (37)
0<Qp<hl, O0<Ri<hiol, O0<Ry<inl, O0<R3<inl

e?T 2,01 < hoca, (38)

where

]

S=E1+EQ+EB+ E5+E7s
E7s = Sym{[e{ N1 + e] N> |[~e; — Aey + Loes + Lies},
Esx = )\.1 + hm)\Z + hM)ug + 51 ()\,4 + 2)\,5 + )\6) + 52()\7 + 2)"8 + )\9)

+ Rud3hio + Matmdarin + hyidshiz,
and the others as given in Theorem 3.1.

Proof We follow the similarity of proof as in Theorem 3.1, except Z = 0 or V, = 0. This
corollary uses the new inequality to improve stability criteria. Therefore, it is omitted
here. g

In addition, we derive the new sufficient conditions of the finite-time stability for the
delayed GNNs (35) that apply the Wirtinger-based integral inequality as the following:

Corollary 3.5 Given positive scalars hy and o then the delayed GNNs (35) are finite-time
stable regarding (c1,cy, T, H), if there exist symmetric positive-definite matrices P € R33",
Q e R¥¥ R e R™" (i =1,2, ) = 1,2,3), any matrices Ny, N, and positive diagonal ma-
trices 81, Sz, Ss satisfying LMIs (37) and (38) and

o

<0, (39)

where Es = B + Ey + B3 + Es5 + Brg,and the others as given in Theorem 3.1, and Corollaries
3.2 and 3.4.

Proof We follow the same proof as in Corollary 3.4, except that we apply Lemma 2.3
(Wirtinger’s inequality) to the single integral in Equation (16). Therefore, it is omitted
here. -

Furthermore, we derive the finite-time stability for the GNNs (35) with interval time-
varying delay by applying the inequality in Lemma 2.4 [39], and we define the following
vectors:

¢(t) = |:xT(t),xT(t — ), &7 (¢ = B(®), &7 (& = hag), f T (W(e)),
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FT (Wt - h(®)), &7 (0, &7 (& = 1), &7 (¢ = iag),

t T
€ / W, - f () du,} ,
M t—hpy

e,:[onx(,_l),, I, onxm_,-),,], j=1,2,...,11L

Corollary 3.6 Given positive scalars hy and o then the delayed GNNs (35) are finite-time
stable regarding (c1, c2, T, H), if there exist symmetric positive-definite matrices P € R3nx3n,
Q e R¥™¥ R e R™" (i =1,2, ) = 1,2,3), any matrices Ny, N, and positive diagonal ma-
trices 81, Sz, Ss satisfying LMIs (37) and (38) and

@]

s <0, (40)

where B; = E1 + B9 + B3 + B35 + Sys,and the others as given in Theorem 3.1, and Corollar-
ies 3.3 and 3.4.

Proof We follow the same proof as in Corollary 3.4, except that we apply Lemma 2.4 [39]
to the single integral in Equation (16). Therefore, it is omitted here. O

3.3 Analysis of nonfragile finite-time boundedness
This part presents the new delay-dependent criteria of the finite-time boundedness for
the GNNs under a nonfragile feedback controller with delays like the following:

x(t) = (—A + B(IC + AlC(t)))x(t) + LQf(Wx(t)) + L]f(Wx(t - h(t)))

t-n1(t)
+L, / ’ F(Wa(w)) du + Lyw(t) + Bu(t), (41)
t—n2 ()

y(t) = x(t)y
x(t) = p(t), Vte[-hp,O0].

Theorem 3.7 Given positive scalars hy and o then the delayed GNNs (41) are finite-
time bounded respecting (c1,cy, T, H,d), if there exist positive symmetric definite matrices
T’, @,IN%, (i=1,2,j=1,2,3), Z ;(, and positive diagonal matrices §1, §2, §3, such that the
conditions hold as follows:

2,<0, (42)
eQT[E)\Cl + d)\14(1 - C_QT)] < }L()Cz, (43)
where

B = Sym{[{Pr]} - oI PIy,

B2 =T (Q+ QT3 =T (" Q) Ty — TY (2 Qy)Ts,
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~ ~ Ny e Wy
Eug = hile?Rlel + h12\4m€;~R2€7 + h12\4€;ﬂR367 — —F6TR1F6 — —F7TR2F7

Via Y1ib
M ~ I ~ Iy ~ hu ~
— IR Mg — T I Ry Ty — TRy Ty — — =T Ry Iy
Y2a Vb V3a V3b
hy 7~ hyt o~
- S TLR My — T LR 3,
Yia Yab
Eu= nglesTZ% - eQ"ZeﬂZeM,
EuS = 2F1T4§1Fl5 + 2F{6’.§2F17 + 2F17;;§3F19; Eu6 = —Qeﬂ)’zelg,

1]

w7 = Sym{—elTL[Te7 - elTAI,[Tel + elTBYel + elTLoLITeS + elTL1UT36
+ elTLZUTeM + 61TL3UT615 - e7TL[e7 - e7TAL[T61 + e7TBY61
+ e;rLoUTe5 + e;rLlLIT% + e7TL2L[Te14 + e7TL3UTel5},

Eus = Sym{e{BDlem + e7TBDlel6 + ae{UDgeU} - ef6(oc1)e16 - e1T7(aI)el7.

Additionally, the gain matrix IC of the feedback controller with a nonfragile issue can be
created as K = YU™.

Proof We follow the method of proof as in Theorem 3.1 and replace A by A — B(KC + AK(2))
in &, and we obtain

E+ L F@E), + LT (0! <o,

where

o
1l
-
o
+
o
J

o

7= Sym{—elTNle7 - elTNlAel + elTNlBlCel + elTNlLoe5
T T T T T
+ée; N1L1€6 +e; N2L2€14 +e; N1L3€15 —€; N267 —€; N2A61
+ E;NzBK:el + Q;NzLoeg + €$N2L1€6 + €$N2L2614 + e7TN2L3615},

= T e T . T
Hl-[(NlBDl) ,0---0,(N>2BDy)",0 9] ,

5 times 8 times

I, = [Dz;o"'Q]T-

14 times
Applying Lemma 2.6, there exists « > 0, so that
E+a M7 +onlT, <0,
Applying Lemma 2.7 (the Schur complement), we obtain
E I, anf

nf -af o0 |<o. (44)
all, 0 —al
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It can be seen that the LMI conditions in (44) cannot be directly applied to the controllers.
Hence, we need to convert the conditions to be the LMI terms. We let N; = N, = UL
Then, the criteria (44) are pre- and postmultiplied by diag{U - - - U, 1,1} and its transpose,

15 times
describe variables as the following:

P=uru’, Qi=uQUT, Q,=UQUT, R =URUT,
Ry=URUT, Ry=URUT, Z=uzu’, X=uxu’,

Si=usiu’,  S=us,u’,  S=usu’,  Y=KU.
Thus, we can obtain E, < 0. The proof is complete. d

4 Numerical examples
This section demonstrates the effectiveness of our approaches with three numerical ex-
amples.

Example 4.1 Consider the following parameters for GNNs (9):
2 0 -1 1 -0.5 0.6
A = 3 LO = ) Ll = )
0 15 05 -1 0.7 0.8
0.15 0.1 0.05 0.2 1.28 0.35
L2 = ) L?, = ) W = )
0 -03 0.2 0.1 0.28 0.35
Fy; = diag{0,0} and Fp =diag{0.6,0.8}.

Let f(x) = tanh(x(¢)), n1(¢) = 0.4 + 0.3sin(£), n2(£) = 0.5 + 0.2 sin(t), and w(t) = /0.5cos(t).
Given scalars ¢; = 0.72, d = 0.5, n; = 0.1, n; = 0.7 and matrix H = I. From the parameters
as mentioned above, we solve the LMIs in Theorem 3.1, and Corollaries 3.2 and 3.3 to ob-
tain the feasible solution guaranteeing finite-time boundedness regarding (c1, ¢, T, H, d)
for comparing the minimum allowable lower bounds (MALBs) of c;. In this example, we
investigate four cases to demonstrate the effectiveness of our results as follows:

Case I: Let h(t) = 1.25|sin(¢)| + 1, which means [/,,,, ] = [1.0,2.25] for t € [0, T], T =
10, 20, 30,40, 50. We solve the LMIs in Theorem 3.1, and Corollaries 3.2 and 3.3 to obtain
the MALBs of ¢, for different values of final time T = 10,20, 30,40, 50, as displayed in
Table 1. Theorem 3.1 provides the smallest MALBs of ¢, for various values of T, which
are smaller than those from Corollaries 3.2 and 3.3. By applying the new integral inequality,
Theorem 3.1 is less conservative than Corollaries 3.2 and 3.3.

Table 1 MALBs of ¢; for different values of T in Example 4.1 (Case I). Numbers in parentheses are o

T 10 20 30 40 50

Corollary 3.2 1.5570 1.7186 1.9238 2.1604 24135

(Wirtinger's inequality) 0.3) ©.1) (0.05) (0.03) (0.02)

Corollary 3.3 1.4050 1.5701 1.7321 1.8801 20181

(Lemma 2.4 [39]) (0.3) (0.09) (0.04) (0.02) (0.01)

Theorem 3.1 1.3055 14306 1.5686 1.6982 1.8203
(

(New inequality) (0.3) (0.09) (0.04) 0.02) (0.01)
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Figure 3 Time history of xT (t)Hx(t) for the GNNSs (9) in Case | Example 4.1, T =50

Figures 2 and 3 display the state responses of x(t) and the time history of x (¢£)Hx(¢) for
the GNNs (9) in Example 4.1 with an initial condition ¢(¢) = [—0.6 cos(t) 0.6 cos(t)] T.
From Fig. 3, the time history of x” (£)Hx(¢) does not exceed the MALBs of c, in Table 1.
Thus, the accuracy of the proposed results is confirmed.

Casell:Let h(t) = 0.25/| sin(¢)| + 1,1 = 2,3,4,5, 6, for ¢ € [0, 10]. In this case, we investigate
the effect of ranges of time delay [/, ip] for hagy, = hpg — by = 0.5,0.75,1.0,1.25,1.5. For
fixed lower bounds %, = 1.0 and different upper bounds #4,; = 1.5,1.75,2.0,2.25,2.50, we
solve the LMIs in Theorem 3.1, and Corollaries 3.2 and 3.3 to obtain the MALBs of ¢,, as

shown in Table 2. From the table, we observe that the MALBs of ¢5 from Theorem 3.1 are

Page 23 of 34
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Table 2 MALBs of ¢; for T =10, o = 0.3 and different values of [hm, hyl in Example 4.1 (Case Il)

[hm, hm] [1.0,1.5] [1.0,1.75] [1.0,2.0] [1.0,2.25] [1.0,2.5]
Arim 0.5 0.75 1.0 1.25 15
Corollary 3.2 1.0198 1.1518 1.3260 1.5570 1.8742
(Wirtinger's inequality)

Corollary 3.3 0.9297 1.0286 1.1783 14050 1.7571
(Lemma 2.4 [39])

Theorem 3.1 0.9805 1.0708 1.1783 1.3055 14553

(New inequiality)

Table 3 MALBs of ¢; for T =10, o = 0.3 and different values of [hym, hyl (hyim = 0.5) in Example 4.1

(Case Il

[hm, ) [1.1,1.6] [1.2,1.7] [1.3,1.8] [14,1.9] [1.5,2.0]
Corollary 3.2 1.0156 10114 1.0073 1.0033 0.9994
(Wirtinger's inequality)

Corollary 3.3 0.9241 09187 09134 0.9083 0.9033
(Lemma 2.4 [39])

Theorem 3.1 09737 0.9670 0.9606 0.9543 0.9482

(New inequality)

Table 4 MALBs of ¢; for T =10, o = 0.3 and different values of [hm, hyl (hym = 1.5) in Example 4.1

(Case IV)

[(hm, ] (1.1,26] 1.2,27] [13,28] [14,2.9] [15,3.0]
Corollary 3.2 1.8670 1.8600 1.8531 1.8464 1.8398
(Wirtinger's inequality)

Corollary 3.3 1.7220 1.6884 1.6564 1.6257 1.5963
(Lemma 2.4 [39])

Theorem 3.1 14331 14117 1.3911 13712 1.3521

(New inequality)

smaller than those from Corollaries 3.2 and 3.3 in the ranges of delay /a5, = 1.25,1.5. In
the range of delay /1, = 1.0, the MALBs of ¢, from Theorem 3.1 are equal to those from
Corollary 3.3 but smaller than those from Corollary 3.2. On the other hand, the MALBs
of ¢; from Theorem 3.1 are greater than those from Corollary 3.3 but smaller than those
from Corollary 3.2 in the ranges of delay /4, = 0.5,0.75. Moreover, the MALBs of ¢; from
our results increase as /1,4, increases.

Caselll: Let h(t) = 0.5|sin(¢)| +1+0.1/,1=1,2,3,4,5, for t € [0,10]. In this case, the effect
of changing the interval time-delay range [/,,, 1] for hag, = 0.5 is investigated. We solve
the LMIs in Theorem 3.1, Corollaries 3.2 and 3.3 to obtain the MALBs of ¢, with a fixed
range of interval time delay /1,4, = 0.5 and various lower bounds #,, = 1.1,1.2,1.3,1.4, 1.5.
From Table 3, the MALBs of ¢; from Theorem 3.1 are greater than those from Corol-
lary 3.3 but smaller than those from Corollary 3.2 for the delay range of %, = 0.5.
Furthermore, the MALBs of ¢y from our results decrease as the lower bound 7, in-
creases.

Case IV: Let h(t) = 1.5]sin(¢)| + 1 + 0.1,/ =1,2,3,4,5, for ¢ € [0, 10]. In this case, the ef-
fect of changing the interval time-delay range [/,,, ] for iy, = 1.5 is analyzed. We solve
the LMIs in Theorem 3.1, and Corollaries 3.2 and 3.3 to obtain the MALBs of ¢, with a
defined interval time delay /4, = 1.5 and various lower bounds #,, =1.1,1.2,1.3,1.4,1.5,
as shown in Table 4. In the delay range /1,4, = 1.5, the MALBs of ¢; from Theorem 3.1 are
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Table 5 MALBs of ¢; for different values of T in Example 4.2 (Case I). Numbers in parentheses are o

T 10 20 30 40 50
Corollary 3.5 2.0068 24544 3.2058 4.7698 74311
(Wirtinger's inequality) (1.2) (0.65) (0.45) (0.35) (0.29)
Corollary 3.6 1.9687 2.3854 3.1061 46231 72162
(Lemma 2.4 [39]) (1.2 (0.65) (0.45) (0.35) (0.29)
Corollary 3.4 1.9676 2.3807 3.0918 4.5885 7.1423
(New inequality) (1.2) (0.65) (0.45) (0.35) (0.29)

smaller than those from Corollaries 3.2 and 3.3. Additionally, the MALBs of ¢, decrease,

when the lower bound /,, increases.

Example 4.2 Consider the following parameters for GNNs (35):

1. 2 =01 -0.
Ao 5 0 ’ Lo = 0 0 ’ L= 05 0 ,
0 17 -0.5 0.1 -0.3 -0.2

W = |:01..658 g§2:| , Fy = diag{0,0} and Fp = diag{0.6,1.6}.

The activation function is given by f(x) = tanh(x(£)). Given scalars ¢; = 1.28 and matrix
H =1I. From the parameters as mentioned above, we solve the LMIs in Corollaries 3.4,
3.5, and 3.6 to obtain the feasible solution guaranteeing finite-time stability regarding
(c1,¢2, T,H,d) for comparing the MALBs of ¢,. In this example, we investigate four cases
to demonstrate the effectiveness of our results as follows:

Case I: Let h(t) = 1.25] sin(¢)| + 1.5, which mean [4,,, i) = [1.5,2.75] for t € [0, T], T =
10, 20, 30, 40, 50. We solve the LMIs in Corollaries 3.4, 3.5, and 3.6 to obtain the MALBs of
¢, for various values of final time 7' = 10, 20, 30,40, 50, as displayed in Table 5. Corollary 3.4
provides the smallest MALBs of ¢, for different values of T, which are smaller than those
from Corollaries 3.5 and 3.6. By applying the new integral inequality, Corollary 3.4 is less
conservative than Corollaries 3.5 and 3.6.

Figures 4 and 5 illustrate the state responses of x(t) and time history of x7 (£)Hx(t) for
the GNNs (35) in Example 4.2 with an initial condition ¢(¢) = [-0.8cos(£) 0.8cos(¢)]”.
From Fig. 5, the time history of x” (¢)Hx(¢) does not exceed the MALBs of c, in Table 5.
Thus, the correctness of the proposed results is confirmed.

Case II: Let h(t) = 0.25/|sin(¢)| + 1.5, [ = 2,3,4,5,6, for ¢ € [0,30]. In this case, we ana-
lyze the effect of ranges of time delays [/, ip] for hagy, = har — by = 0.5,0.75,1.0,1.25,1.5.
For fixed lower bound #,, = 1.5 and various upper bounds 4, = 2.0,2.25,2.5,2.75, 3.0, we
solve the LMIs in Corollaries 3.4, 3.5, and 3.6 to obtain the MALBs of ¢;, as displayed in
Table 6. From the table, we can see that the MALBs of ¢, from Corollary 3.4 are smaller
than those from Corollaries 3.5 and 3.6 in the ranges of delay /4, = 1.0,1.25,1.5. How-
ever, the MALBs of ¢, from Corollary 3.4 are greater than those from Corollary 3.6 but
smaller than those from Corollary 3.5 in the ranges of delay /4, = 0.5,0.75. Additionally,
the MALBSs of ¢, from our results increase as /1,y,, increases.

Case III: Let h(t) = 0.25|sin(¢)| + 1.5+ 0.1, 1 = 1,2, 3,4, 5, for ¢ € [0, 30]. In this case, the
effect of changing the interval time-delay range [/,,, iy] for hpg, = 0.25 is examined. We
solve the LMIs in Corollaries 3.4, 3.5, and 3.6 to obtain the MALBs of ¢, with a fixed range
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Figure 5 Time history of xT (t)Hx(¢) for the GNNs (35) in Case | Example 4.2, T = 30

of interval time delay /s, = 0.25 and different lower bounds #4,, = 1.6,1.7,1.8,1.9,2.0.
From Table 7, the MALBs of ¢, from Corollary 3.4 are greater than those from Corol-
lary 3.6 but smaller than those from Corollary 3.5 for the delay range of /154, = 0.25. More-
over, the MALBs of ¢, from our results increase as the lower bound /,,, increases.

Case IV: Let h(t) = 1.25|sin(¢)| + 1.5+ 0.1/, [ = 1,2,3,4, 5, for ¢ € [0, 30]. In this case, the
effect of changing the interval time-delay range [/4,,,, hiar] for hip, = 1.25 is investigated. We
solve the LMIs in Corollaries 3.4, 3.5, and 3.6 to obtain the MALBs of ¢, with a fixed inter-
val time delay /s, = 1.25 and different lower bounds #,, = 1.6,1.7,1.8,1.9,2.0, as shown
in Table 8. In the delay range /s, = 1.25, the MALBs of ¢, from Corollary 3.4 are smaller
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Table 6 MALBs of ¢, for T =30, o = 0.45 and different values of [hym, hy in Example 4.2 (Case Il)

[hm, hm] [1.5,2.0] [15,2.25] [1.5,2.5] [1.5,2.75] [1.5,3.0]
Arim 0.5 0.75 1.0 1.25 15
Corollary 3.5 1.7118 2.0795 2.5630 3.2058 41721
(Wirtinger's inequality)

Corollary 3.6 1.6814 2.0405 2.5062 3.1061 3.8808
(Lemma 2.4 [39])

Corollary 3.4 1.6884 2.0447 2.5048 3.0918 3.8328

(New inequality)

Table 7 MALBs of ¢, for T =30, o = 0.45 and different values of [hm, hyl (hyim = 0.25) in Example 4.2

(Case lll)

[hm, hm] [1.6,1.85] [1.7,1.95] [1.8,2.05] [1.9,2.15] [2.0,2.25]
Corollary 3.5 1.5933 1.7665 1.9547 2.1591 2.3809
(Wirtinger's inequality)

Corollary 3.6 1.5642 1.7348 1.9202 21217 2.3404
(Lemma 2.4 [39])

Corollary 3.4 1.5742 1.7457 1.9318 2.1338 2.3530

(New inequality)

Table 8 MALBs of ¢, for T = 30, o = 0.45 and different values of [hm, hyl (hym = 1.25) in Example 4.2

(Case IV)

[hm, hm] [1.6,2.85] [1.7,2.95] [1.8,3.05] [1.9,3.15] [2.0,3.25]
Corollary 3.5 3.5054 3.8282 41761 45503 49530
(Wirtinger's inequality)

Corollary 3.6 3.3966 3.7098 4.0474 441N 4.8025
(Lemma 2.4 [39])

Corollary 3.4 3.3830 3.6966 40343 4.3981 4.7894

(New inequality)

than those from Corollaries 3.5 and 3.6. Furthermore, the MALBs of ¢, increase, when the

lower bound #,, increases.

Remark 5 In Lemma 2.5, we derive the new integral inequality with the exponential
function to estimate the single integral terms of the derivative of LKFs in Theorem 3.1
and Corollary 3.4. In contrast, we use the approximation —eftw) < _pody y _ g <
u <t — dy and Wirtinger’s integral inequality without the exponential term such as
— [ 5T (0)Mi() du < —e#® [ &7 (t)Mi(t) du in Corollaries 3.2 and 3.5. In Ex-
amples 4.1 and 4.2, the MALBs of ¢, from the new integral inequality are smaller than
those from Wirtinger’s integral inequality in all cases. Thus, the results obtained by the

new inequality are less conservative than those obtained by Wirtinger’s inequality.

Remark 6 Note that the similarities between Lemma 2.4 [39] and the new inequality are in
the form of exponential functions. In contrast, the differences are dimension-free matrices
from an estimate of the single integral terms of the derivative of LKFs. While Lemma 2.4
[39] desires only a 2-dimensional-free matrix [x” (¢ — /1,,) %7 (¢ — h11)]7, the new inequal-
ity requires a 3-dimensional-free matrix [e;x7 (¢ — /,,)  &2xT (t — hyr) ftt__:ﬂ;” T () du) T
In Case III of Examples 4.1 and 4.2, the MALBs of ¢, obtained by Lemma 2.4 [39] are
smaller than those from Lemma 2.5 (New inequality), where /4, = 0.25,0.50. However,
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the MALBs of ¢, obtained by Lemma 2.4 [39] are greater than those from the new in-
equality, where /1,4, = 1.25,1.50 in Case IV. Similar to Case II of Examples 4.1 and 4.2, we
observe that the MALBs of ¢, by applying the new inequality are smaller than those from
Lemma 2.4 [39], where A, > 1.0. Thus, the results obtained by the new integral inequality
can open up the possibility of overcoming results obtained by Lemma 2.4 [39].

Remark 7 We use a specific form of the Lyapunov—Krasovskii functional (13) with ex-
ponential functions to obtain finite-time stability results, simplifying the application of
our results to analyze the finite-time stability and finite-time boundedness in practice.
The proofs of Theorem 3.1 and Corollary 3.4 show that the new inequality and the given
Lyapunov—Krasovskii functional with both exponential functions can be used to quickly
derive the derivative condition of finite-time stability and finite-time boundedness, which
is an advantage of the approach used in this work. However, our method is theoretically
difficult to determine the upper bound of the delay of settling time T except for certain
particular cases. Furthermore, our new integral inequality is complex in practice, making
it difficult to solve and requiring much time and effort to find a solution. These are the
downsides of our method.

Remark 8 1f we choose Ly =0, L = 1, L, = 0 and the external disturbance input is equal
to zero in the GNNss (9), we obtain

x(t) = —Ax(t) + f (x(¢ - h(2))),
x(t) = ¢(t)’ Vt e [_hM’O])

(45)

then (45) is a particular case of the GNNs (9) and can be found as in [11, 42—44].

Example 4.3 Consider the following parameters for the system (45):

01 03
A =diag{0.8,53), W= .
el J 0 [0.9 0.1}

hy,=1, F,, =diag{0,0} and F, =diag{1,1}.

This example examines the stability criterion of the system (45). Using the parameters
mentioned above, we solve the method of this paper with the new integral inequality to
obtain the maximum allowable bounds of /15 for different values of 1, as shown in Table 9.
Our method provides the greatest maximum allowable bounds of /1, for different values
of 1, which are greater than those in [11, 42—44]. Therefore, our approach in this paper is
less conservative than those in [11, 42—-44].

Example 4.4 Neural Networks have been widely applied in several applications. In partic-
ular, the four-tank system is a fascinating neural-network application. In 2000, Johansson
[45] first proposed the four-tank system. Johansson’s four-tank system consists of 4 corre-
spondingly connected water tanks with valves and two batches of pumps, as illustrated in
Fig. 6. The purpose of the four-tank system is to manage the water level with two pumps.
The voltages to the water pumps are the process inputs. Pump 1 is responsible for adding
water to Tanks 1 and 4. Pump 2 is responsible for filling water to Tanks 2 and 3. Water
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Table 9 Maximum allowable bounds of hy, for different values of w in Example 4.3

Method m =095 n=099 Unknown u
[42] - - 3.0465
[43](m=2) 84119 54834 4.9471
[44] Theorem 1 15.5432 12.7286 12.7274
[44] Theorem 2 156611 12.7978 12.7970
[11I(m=r=2) 17.8264 14.2548 14.2541
This paper - 17.0400

Ir

LIl 1 I

Tank4
Tank3
q3 44

=

vA
Y1 V2
Tank1
Pump1 Tank2 Pump2
q
qz

Figure 6 Schematic representation of the four-tank system. Source: Johansson [45]

flows from Tank 3 to Tank 1 and Tank 4 to Tank 2 by gravity. The water levels for Tank 1
(1) and Tank 2 (g2) are evaluated together as outputs. The four-tank system has received
a great deal of attention, as in [13, 17, 18, 26, 46]. The four-tank system and the present
controller can be written as:

(t) = Agw(t) + A%t — dy) + Boti(t — do) + By7i(t — d3), (46)
where
[-0.0021 0 0 0
~ 0 -0.0021 0 0
AO = 3
0 0 —-0.0424 0
. 0 0 0 -0.0424
[0 0 0.0424 0
~ 00 0 0.0424
Al = )
00 0 0
[0 0 0 0

T
~ [o1113p 0O 00
BOZ ’
0 01042y, 0 0
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T
E _ 0 0 0 0.1113(1—)/1)
"o 0 0.1042(1 - ) 0 ’

»=0333,  1=0307, #(t)=Ki)  and

R —-0.1609 -0.1765 -0.0795 -0.2073
-0.1977 -0.1579 -0.2288 -0.0772|

In addition, this example illustrates how transportation delays occur between the tanks
and the valves, which are interval time-delay signals. Suppose the controller 7(¢) is the
water quantity from the pumps and 31 =0, 32 =0, 33 = h(t) (h,, < h(t) < hy). Hence, u(¢) is
a nonlinear function as the following: () = Kf (%(2)), (¢ — h(2)) = Kf G(t — h(2))), fE(2)) =
FE Q). F GO fiGE(8) = 0.01(Fi(®) + 1] - [Fi(t) - 11), Vi=1,2,3,4.

We modify the four-tank system (46) as the following delayed NNs (47) as follows:

x(t) = (—A + B(IC + AlC(t)))x(t) + LQf(x(t)) + Llf(x(t - h(t))) + Lyw(t), (47)

where A = ~Ag—Ay, Lo = BoK, Ly = By, f(-) =f(-), W =1, Dy = Dy = —0.5I, B= —I, Fy; =0,
Fp =0.51. Given h(t) = 1.0 + 0.8 cos(¢), which means %, = 0.2, iy, = 1.8. Given scalars d =
0.1, 0 =0.01, ¢c; = 0.5, ¢c; =5, T = 30 and matrix H = I. From the parameters mentioned
above, we can compute the gain matrix K of the state feedback controller with a nonfragile

issue by Theorem 3.7 as the following:

2.0236 -0.0028 0.0408 —0.0034
Ko -0.0028 2.0240 -0.0032 0.0410 (48)
| -0.0008 -0.0010 1.9876  0.0019 |

—-0.0010 -0.0007 0.0019  1.9875

We show the effectiveness of our results in Example 4.4. Figure 7 illustrates the state
responses of x(¢) for the four-tank system (47) without u(¢). Figure 8 shows the state re-
sponses for x(t) of the four-tank system (47) with u(£). Moreover, we present the control
inputs in Fig. 9. The proposed controller internally stabilizes the four-tank system (47)
with external disturbance. Thus, our results are of a consistently high effectiveness non-

fragile feedback control scheme while maintaining state-response stability.

Remark9 We select the time-delay functions /(¢) that are continuous functions and satisfy
the condition 4, < h(£) < hy;. In Examples 4.1, 4.2, and 4.4, we use A(t) = 1.25] sin(z)| + 1.0,
h(t) = 1.25|sin(Z)| + 1.5, and A(£) = 1.0 + 0.8 cos(t) for ¢ € [0, 50], respectively (see Fig. 10).
From Fig. 10, our time-delay functions /(t) are continuous functions and satisfy %,, <
h(t) < har. However, our delay functions do not need to be differentiable. In contrast to

other previous studies [9, 10, 19], the time-delay function is always differentiable.

5 Conclusions

The conservatism of the finite-time stability criterion in Lyapunov theory is an important
topic. Developing integral inequalities leads to reduced conservatism. Hence, this article
proposes the new integral inequality with an exponential function to estimate the deriva-

tive of the LKFs. The well-known Wirtinger’s inequality is a particular case of the new
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Figure 7 State responses of x(t) against u(t) = 0 of the GNNs (47) in Example 4.4
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Figure 8 State responses of x(t) for the GNNs with u(t) (47) in Example 4.4

integral inequality. Furthermore, we investigate the new delay dependence for guarantee-
ing finite-time stability of the GNNs with mixed-interval time-varying delays that do not
need to be differentiable and design the state feedback controller with a nonfragile issue.
Numerical examples show the MALBs of ¢, obtained by several inequalities, including our
new inequality, Wirtinger’s inequality [38], and the inequality with an exponential function
in [39]. Our new inequality efficiently reduces conservatism more than using Wirtinger’s
inequality [38] and the inequality in [39]. Moreover, one of the examples presents a practi-
cal implementation that applies our results on the four-tank system. For future work, this

article can be applied to various dynamical systems such as T-S fuzzy NNs [26], neutral-
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Figure 9 Control inputs for the GNNs (47) in Example 4.4
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Figure 10 Continuous time-varying delay functions for t € [0, 50]

type NNs [46], uncertain NNs [47], and neutral high-order Hopfield NNs [48] or several
time delays, such as additive time delay [49-51] and leakage time-delay [13, 46, 48]. Addi-
tionally, future work could potentially design a sample-data nonfragile controller [30] for
the delayed dynamical systems.
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