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Abstract

This paper investigates the delay-dependent stability problem of continuous neural networks with a bounded time-
varying delay via Lyapunov-Krasovskii functional (LKF) method. This paper focuses on reducing the conservatism
of stability criteria by estimating the derivative of the LKF more accurately. Firstly, based on several zero-value
equalities, a generalized free-weighting-matrix (GFWM) approach is developed for estimating the single integral
term. It is also theoretically proved that the GFWM approach is less conservative than the existing methods commonly
used for the same task. Then, the GFWM approach is applied to investigate the stability of delayed neural networks,
and several stability criteria are derived. Finally, three numerical examples are given to verify the advantages of the

proposed criteria.
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1. Introduction

Neural networks have been successfully applied in image processing, pattern recognition, associative memory,
optimization problem, etc. [1]-[3]. For those applications, the artificial neural networks usually must be stable [6].
However, the finite switching speed of amplifiers and the inherent communication time between neurons inevitably
cause time delays during the implementation of artificial neural networks [7]. These delays might lead to undesired
dynamics like oscillation and instability. Therefore, it is an important job to determine the admissible maximal delay
bound (AMDB) such that the delayed neural networks (DNNs) with a delay less than this bound remain stable. In
the past few decades, such delay-dependent stability analysis problem has become a hot issue in the field of neural
networks [4].

These delays are usually time-varying and Lyapunov-Krasovskii functional (LKF) method can easily handle such
DNNs, thus, the LKF method has become the one of most popular methods for stability analysis and finding the
AMDBs. The DNNs with bounded delays are asymptotically stable if there exists an LKF, which consists of state
vector based quadratic terms, is positive definite and has a negative gradient over the time. Linear matrix inequalities
(LMIs) based delay-dependent stability criteria can be easily used to check whether or not such LKF can be found for

the DNNs. However, the criteria derived have some conservatism since they are only sufficient conditions. In order
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to find the AMDBs more accurately, one important issue in the related research is to develop new criteria with less
conservatism. This paper also investigates the stability of DNNs following this direction.

By constructing a special form of LKF candidate, tractable LMI-based stability criteria are derived using necessary
techniques to estimate the LKF and its derivative. Therefore, the construction and the treatment for the LKF are the
basic issues related to how conservative the criteria are.

In the early research, the LKFs for the stability analysis of the DNNs were constructed by introducing delay-based
single and double integral terms into the typical non-integral quadratic form of Lyapunov function for delay-free
systems [5], [6], [8]-[14]. Later, researchers have developed many new LKFs by making the previous ones more

general in three aspects.

1) Firstly, based on several subintervals divided from the whole delay region, some scholars have developed
the delay-partition-based LKFs by replacing the original integral terms with multiple new integral terms with

smaller domain of integration [16]-[30].

2) Secondly, by using various state vectors (current, delayed, and/or integrated state vectors efc.), some scholars

have developed new LKFs by augmenting the quadratic terms of original LKFs [31]-[42].

3) Thirdly, since the triple integral term was found to be helpful for reducing the conservatism of stability criteria
for linear time-delay systems [47], similar and/or extended forms have also been widely applied to stability
analysis of various DNNs [49]-[58].

Although those LKFs have different forms, they all include a common term with the form of L (;1 ti P YT (s)Ry(s)dsd6
(Here h > 0 is the scalar, y(s) is the system state-based vector, and matrix R > 0.). Then its derivative contains the

term as follows

- f ¥ ($)Ry(s)ds (1

—h

This term was directly dropped in the early literature [5], but such treatment is very conservative. Later, this term
was retained to improve the results, in which case it must be estimated to represent the criterion in the form of tractable
LMI. As mentioned in [43], the estimation of the above single integral term is strongly related to the conservatism of
criteria. Therefore, the stability criteria of DNNs have been improved gradually by using more effective techniques
for this estimation task.

The basic inequality was used to estimate the single integral term [6]. Since He ef al. [44] proposed the free-
weighting matrix (FWM) approach, which is more effective than the basic inequality, the FWM approach has been
widely used in the stability analysis of DNNs [8]-[13], [28]-[32]. The slack matrices introduced by the FWM approach
provide great freedom of the criteria.

An alternative method that estimates the original integral terms directly was also used in the stability analysis of
DNNSs. The criteria from this type of method are strongly linked to the inequalities used. At the beginning, the Jensen
inequality has been wildly applied to analyze the stability of the DNNs [14]-[26], [33, 34, 51, 52]. In 2013, Seuret et
al. [43] presented a Wirtinger-based inequality and proved that it is less conservative than the Jensen inequality. Since
then, Wirtinger-based inequality has become the most popular method to estimate the single integral term during the
investigation of DNNs [27], [37]-[41], [53]-[56].



Very recently, Zeng et al. proposed a free-matrix-based inequality (FMBI) in [45] and extended it to the research
of DNNs [42, 50]. To the best of the authors’ knowledge, this inequality is the least conservative among the existing
inequalities for estimating single integral term. However, there is further room to be investigated using the FMBI.
Some slack matrices in the FMBI do not seem to contribute to a reduction of the conservatism. In [42], the FMBI was
only used to estimate the single integral term without any augmented vector, while the augmented integral term was
still estimated via the Jensen inequality.

It can be expected that stability criteria with less conservatism will be obtained by developing and using a more
effective approach to estimate the single integral term. This motivates the present research.

This paper further investigates delay-dependent stability of DNNs following the development of a more effective

method to estimate the single integral term (1). The contributions of the paper are summarized as follows:

1) A general free-weighting-matrix (GFWM) approach is developed to estimate single integral term. Based on
several zero-value equalities, a new estimation method, named as GFWM approach, is developed by following
the basic estimation procedure of the FWM approach. And a new inequality is derived based on the GFWM
approach (Lemma 5).

2) Necessary theoretical studies are carried out to compare the GFWM approach and several previous estimation
methods. Itis proved that the inequality obtained from the GFWM approach can encompass the Wirtinger-based
inequality and the FMBI.

3) Several new stability criteria with less conservatism for the DNNs are derived. For generalized neural networks
with a time-varying delay, based on two LKFs (one with delay-product-type terms and the other without similar
terms), two stability criteria are derived by using the GFWM to estimate the single integral term appearing in
the derivative of the LKFs.

The remainder of the paper is organized as follows. Section 2 gives the problem formulation and necessary
preliminary. In Section 3, the development of the GFWM approach and its comparison to previous methods are
discussed in detail. The GFWM approach is applied to a generalized DNN and several stability criteria are derived
in Section 4. In Section 5, three numerical examples are used to demonstrate the benefits of the proposed criteria.
Conclusions are given in Section 6.

Notations: Throughout this paper, the superscripts 7 and —1 mean the transpose and the inverse of a matrix,
respectively; R" denotes the n-dimensional Euclidean space; R™™ is the set of all n X m real matrices; || - || refers to
the Euclidean vector norm; P > 0 (> 0) means that P is a real symmetric and positive-definite (semi-positive-definite)
matrix; diag{- - -} denotes a block-diagonal matrix; the symmetric term in a symmetric matrix is denoted by =; and
Sym{X} = X + X".

2. Problem formulation and preliminary

This section describes the problem to be investigated and gives related preliminaries.

2.1. Problem formulation

Consider the following generalized DNNs [35]:

Y1) = Ay(O)+Wog(Wy(0) + Wig(Wy(r — d(1)))+J @)
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where y(t) = [y1(¢) y2(t) --- y,(£)]7 is the state vector associated with the n neurons; g(-) = [g1(-) g2() --- g.()]"

represents the neuron activation function with g(0) =0; A =diaga;, az, - - - ,a,}>0; W, Wy and W, are the connection
weight matrices; J=[J; J, --- J,]7 is a vector representing the bias; and d(¢) is a time-varying delay satisfying
0<dit)y<h 3)
and
Casel : d(t) <pu 4)
Casell : |d(t)| < u (3)

where i and u are constants.

Assumption 1. The neuron activation function g;(-) is assumed to be bounded and satisfies the following condition:

(1) = (s
of < BV 8 e =12, ©)
S1— 852

where o; and O';r are known real constants.

Remark 1. Constants ()’;r and o in Assumption I are allowed to be positive, negative, or zero, and many activation

Sfunctions (monotonic or non-monotonic) satisfy the condition of (6) [15].

Based on this assumption for the activation function, there exists an equilibrium point y* for the neural network,
ie., 0 = —Ay" + Wog(Wy") + W g(Wy*) + J. Using transformation x(r) = y(t) — y* [4], one can shift the equilibrium

point y* of (2) to the origin and rewrite system (2) as:
X(1) = =Ax(r) + Wof(Wx(D)) + Wi f(Wx(r — d(1))) (7

where f(.) = [fi() /() -+ fu()]" and fi(Wax(1)) = gi(Waix(t) + Waiy*) — gi(Waiy*) with f;(0) = 0 and Wy; denoting
the i-th row vector of the matrix W. Then,
it follows from (6) and f£;(0) = O that [51]

;SMSO—;’ S| # S5 ®
S1 — 852

fi(s)

O’;STSO';,SiO ©))

o

This paper is concerned with the delay-dependent stability of DNN (2). In order to determine the AMDBs more
accurately, this paper aims to derive new delay-dependent stability criteria with conservatism as small as possible.
As mentioned in Section I, the construction of LKFs and the treatment of their derivatives are two aspects related to
conservatism. Since there are many different forms of LKFs, this paper mainly pays attention to the treatment of the

single integral term that appears in the derivative of all LKFs.



2.2. Preliminary

The following lemmas are used in subsequent sections of this paper.

Lemma 1. Wirtinger-based inequality [43]: For symmetric positive definite matrix R € R™", scalars a < b, and

vector w : [a, b] — R" such that the integrations concerned are well defined, then the following inequality holds

T
b
1 R O
f o ()Rw(s)ds> —— | X! . (10)
a b-a X2 0 3R || x2
where x| =fab w(s)ds and yr=x1 — h—%a fab fas wu)duds=—y + h—%a fab be w(u)duds.

Lemma 2. Free-matrix-based inequality [42]: For symmetric matrices R € R™" and Z,Z5 € R, any matrices
Zy € R and Ny, Ny € R such that

Z1 Z» N;
* Z3 N> | >0 (11)
* % R

and vector v : [a, b] v R" such that the integration concerned are well defined, the following inequality holds

372, +7Z3

b
f VT (HRW(s)ds = —(b — a)sl ( 3

)S‘o — Sym{g} Nig1 + 6{ Nasa) 12)

v

where ¢y = [V (0),V" (@), [ ¥ 9ds]", ¢ = v(b) — v(a), and 3 = v(b) + v(a) - 2 [ 2 ds.
Lemma 3. Reciprocally convex inequality [59]: For any vectors 81 and 3, symmetric matrix R, any matrix S satis-

Iy RS
mn
.

> 0, and real scalar 0 < a < 1, then the following inequality holds

T

1

1 RS
—BIRB1 + ——PB5RBr >
@ 1 -«

* R

B

B> B2

ﬁl} (13)

Lemma 4. For any symmetric matrices Iy, 1}, and I1,, and a scalar continuous function a(t) € [0,y] with y being

constant, the following holds

y2H0 +yIL +11, <0
Dyl +11, <0 = (DI + a1, + 11, <0 (14)
I, <0

Il >0
2): Y2y +yIL + I, <0 ¢ = *OIy + (I + T, <0 (15)
I, <0

I, <0
3): yIL + 1 <0t = &> + ()T + 11, <0 (16)
I, <0



Proof. Rewriting o*(H)[g+a(0)I1; +11, yields

a(1) (1)
2

32 [a(t)(y2H0 +yI0 +H2)] + P [(y = ()T, +T1p)] + L= a(?)

ANy + eI, + 11, =

II,

Obviously, 1) of Lemma can easily be obtained from the above representation. If I1p > 0, YTy +yIL +11, < 0 =
¥I1, + 11, < 0, then 2) of Lemma is obtained. If ITy < 0,911, +I1, < 0 = ¥?TIy+ 11, +II, < 0, then 3) of Lemma is
obtained. This completes the proof.

O

3. Estimation of single integral term via the GFWM approach

This section develops the GFWM approach to estimate the single integral term. The comparison of the GFWM

approach and the existing commonly used methods (Wirtinger-based inequality and FMBI) is also given.

3.1. The GFWM approach
Based on several zero-value equalities, the GFWM approach is developed by following the basic estimation pro-

cedure of the FWM approach. More specifically, the following new inequality is established for single integral term.

Lemma 5. (The GFWM-based inequality) For symmetric positive definite matrix R € R™", any matrices L, M, and

vector w : [a,b] — R" such that the integration concerned are well defined, then the following inequality holds

b -177 ~1 g7
3LR'L" + MR™—'M
f ' ($)Rw(s)ds = =Symix Ly1 +xo Mxa} = (b - a)xg ( 3 X0 a7
where x is any vector and x 1, x» are defined in Lemma 1.
Proof. For a function A(s) = k; + ks, the calculation based on integration by parts leads to
b b b
f A)w(s)ds = A(a) f w(s)ds + k> f f w(u)duds
By setting A(a) = -1,k = h—%a, ie. A(s) = 7;;}1;(1 + h—%as, the above equality is rewritten as
b
f A()w(s)ds = x2 (18)
Then the following zero-value equality is obtained for any vector y( and any matrix M:
b
0=2 f Ayt Mw(s)ds — 2§ My (19)
Similarly, the following zero-value equalities are derived:
b
0= 2f Xng(s)ds - 2X5LX1 (20)
b
0= f X0 (LR™ L )xods = (b = ayg (LR™' L )xo @1
b T ~12,T b-a ~1q,T
0= A(S)xo (MR™ M")A(s)xods — 3 Ao (MR~ M )xo (22)
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b
0=2 f Xo(LR™' M) A(s)xods (23)

Based on the estimation idea of the FWM approach, by adding the right sides of (19)-(23) to the single integral

term in inequality (17), the following equality is derived:

T
| xo LR'LT LR-'M" L || xo .
A(s)xo *  MR'MT M || A(s)xo |ds = f w’ ($)Rw(s)ds (24)

a a

w(s) * * R w(s)

3LR'LT + MR™'MT
+Sym{,ygLX1 +XgMX2} +(b— a))(g )XO

3

It follows from the Schur complement that

LR'LT LR"'MT L

*  MR'MT" M|>0 (25)
* * R
thus
b ~17T ~1 g7
3LR™'L" + MR™'M
fwT(s)Rw(s)ds + Sym{XgL)(l +)(5M)(2} + (- a))(g( 3 X0 =0
which implies (17). This completes the proof. |

Remark 2. From the proof procedure, it can be found that the GFWM-based inequality is obtained by using several
zero-value terms and following the similar idea of the FWM approach. The advantages of the GFWM approach
compared with the FWM approach are reflected in two aspects: For the FWM approach [44], w = v, and only two
zero-value terms (18) and (21) are introduced, while the GFWM approach does not require w = v such that it can
handle single integral term with more general form. And it includes more zero-value terms, namely, (19), (22), and

(23), which would reduce the gap between original integral term and its estimated value.

3.2. The comparison investigation

This part shows that the inequality obtained by the GFWM approach encompasses the ones given in Lemmas 1
and 2.

(a) The GFWM-based inequality (17) encompasses the Wirtinger-based inequality (10)

Letting y) L = —3=x1 R and y] M = —2-xJ R yields

3LR'LT + MR'M” X1 Rx1 +3x) Ry>
0=

3 b-a
Then inequality (17) reduces to inequality (10). Thus, the GFWM-based inequality (17) encompasses the Wirtinger-

—Sym{x{ Ly1 + xf My} — (b — a)xd ( (26)

based inequality (10).
(b) The GFWM-based inequality (17) encompasses the FMBI (12)
First step: proving that (17) encompasses a new inequality (27). Let w = v, then y1 = ¢1,x2 = 2. By setting

Xo = S0, (17) is rewritten as

27)

3

b —17T -1 T
3LR'L" + MR™—'M
f JT(ORWs)ds > ~Symis! Lo, + 6T Mes) — (b — a)e! ( )S‘o

Second step: proving that (27)=(12).



e On one hand, if set Ny=L, No=M, Z;=LR"'L", and Z; = MR™'M", then (12) can be rewritten as

b
3721+ Z
f VT ($)RV(s)ds = —(b - a)s! (%) 50 — Symish Nis1 + ¢4 Naga)

3LR'LT + MR 'MT
3

= —(b - a)s, ( )S’o - Sym{sj L1 + s} Ms»} (28)
Thus, (12)=>(27).

e On the other hand, if there exists matrices X, Y, and Z satisfying X > LR™'LT, Y > LR"'M",and Z > MR™'M",

then the following inequalities hold

XYL
x ZM|>0 (29)
* x R

and

3LR‘1LT+MR‘1MT)
S0

b
f VT (9RNs)ds > ~Symis! Lo+ Mes)—(b-a)sT ( .

3X+Z7
> —Symis) Lg1 + sp M2} —(b—a)s] (T) ) (30)

Then, if set L= N, M = N>, X = Z,, Y = Z», and Z = Z3, then inequalities (29) and (30) become inequalities
(11) and (12). Thus, 27)=(12), (11).

Therefore, the GFWM-based inequality (17) encompasses the FMBI (12).

Remark 3. From the comparison studies, it can be found that the Wirtinger-based inequality is special case of the
GFWM-based inequality and can be obtained by fixing some slack matrices. Thus, the GFWM approach is less
conservative since the slack matrices provide additional freedom. Moreover, the equivalence of the FMBI and (27)
shows that some slack matrices in the FMBI (Z;,i = 1,2,3) do not contribution to reducing the conservatism. In

addition, the FMBI can only handle the case of w = V.

4. Delay-dependent stability analysis of the DNNs

This section investigates the stability of DNN (2) by using the GFWM approach and derives three stability criteria.

The following notations are introduced at first for simplifying the representation of subsequent parts:

ha(t) := h —d(1), xq(1) = x(1—d(1)), Xp(1) := x(1—h)

J(@) = f(Wx(@), Ja(0):= f(Wx(1—d(1))), Jn(@) == f(Wx(t—h))
n@ = [, s, va() = 110 g

i@ = [ [ S duds va() = [0 [T M g

&@):=[x" ) x(0) x) (0]" HEO:=110 o fFol"

L) =€ (1) & @ vi @) vit) vi) vi®1"
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€ := [Onx(i=1yn Inxn Onx10-inls 1=1,2,---,10

e, =[-A 00 Wy W; 0000 0]

eg::[elTegeZEgegeSTegelTO]T, ep:=[000000000O0]
+

Xy = diag{o], 03,0y}, 2y 1= diagloy, 05,0+, 0y}

> n n

4.1. Case I: Stability of DNN (2) with the delay satisfying (4)
For DNN (2) with the delay satisfying (4), construct the following LKF candidate:

vio=| 0 TP A f " ()0 (s)ds + f ()00 (s)ds + f ' f " T () Zer(s)dsd
: flih x(s)ds flih x(s)ds t—d(r) ! al t—h ! > —h Jt+0 2 :
n Waix
3 [ e s= o+ datheo o7 ot (31)
i=1
where

e =[x fFO1" &) = X (1) " (O]

and P, Q;,i = 1,2, and Z are the symmetric positive definite matrices; and A; = diag{4;1, A2, -+ , din}, i = 1,2 are the
symmetric diagonal matrices.
Based on LKF (31), the following stability criterion is derived by using the GFWM-based inequality (17) to derive

single integral terms appearing in the derivative of the LKF.

Theorem 1. For given scalars h and u, DNN (2) with time delay satisfying (3) and (4) and activation function
satisfying (6) is asymptotically stable, if there exist positive symmetric matrices P, Qy, Q2,Z € R¥™ ", symmetric
matrices Z,,Zy € R, positive diagonal matrices Ay, A,,Uj,H; € R™",j = 1,2,3; and any matrices L;, M; €
REX2 i = 1 2 such that the following LMIs hold

[ W1 d(t)la=n — hZs helLi hel M|

s -hZ, 0 <0 (32)

| * x  —3hZ, |

[ W1 (d(0))la=0 — hE7 helL, helM, ]
* -hZ, 0 |[<0 (33)

* * —3th |

where
Y1(d®) = To +d(O)T1 + ha(t)Y2 (34)
T() = E() + =

—_ T | = —_
Ty =E2+E&, +E¢+ 5, + &y
T T T T T
. e1 [ el el es es () () el el
Eo = Sym P + (Q1+0)| |- ) (-] | Q| | +h 4
€y ey —e3 é4 €4 €6 €q és és [ €

9



€] Zaer + €} (Zy — Zo)er — €} Zyes + Sym ([ (21 Wey —ea)" Ay + (ea=ZaWe)) Ay | We)

3
+ Z Sym {(21 We; —eiv3) Hi(eirs —22W€i)}
=1
2
+ Z Sym{[ZIW(Ei —eir1)—(eir3 =€)  Uil(eirs — eira)—ZaW(e; — €i+1)]}
=1

+Sym {[Z1 Wey —e3)—(es—e6))” Us [(e4—e6)—ZaW(e1—e3)]} (35)
T
€0 €y
g = P } (36)
ey e)p—e3
T
€0 €y
g = P } (37)
eg e)—e3
. T T 269 T T 2610
E3 = Sym e, Ly +e, M, + Sym e, Lr +e, M (38)
e —e el+ey —2eq er—e3 er+es — 2eg
2=l Ly ||+ elmy | (39)
0 €0
_ 1 _
Bs=e, (lea‘LlT + nglalMlT)eg (40)
E6 = eng e + e;Mz [_68} (41)
€o €y
_ 1 _
g =el (Lzz,;‘Lg + 5Mzz,;‘MZT ) e (42)
_ 0Z,| - 0 7,
Z,=7Z+ A (43)
Z, 0 Zy 0
Proof. Firstly, differentiating V,(¢) along the solutions of (7) yields
T
. t X(t
Vi) <2 X p| 0
d(t)vi(t) + ha(t)va(1) x(1) = x,(t)
+£] (0(Q1 + Qn)e1(D)—&| (t—h) Qa1 (t—h) — (1 — pe] (1 — d(1)) Q181 (1 — d(1))
r
+2 {121 Wa () —F () A+ (1) -Za Wa (D)) Ao} Wi 0) + he (1 Zea (1) - f &3 (5)Zex(s)ds (44)
t—h

Secondly, by taking into account the assumption of the activation function, (8) and (9), the following inequalities
hold:

hi(s):=2 [Z1 Wax(s)= £()]" H; [f(5)=Z2Wx(s)] >0
wi(s1, 52) =2 [ W(x(s1) = x(52)) = (f(s1) = fs D] Ui [(f(51) = f(52))=ZaW(x(s1) = x(52))] 20

where

Hi = diag{hli’ h2i’ e ’hni} Z 091 = 1’293
10



Uj = diag{ulj,uzj,- .- ,unj} >0,j=1,2,3
Thus, the following inequalities hold:

hi(t)+hy(t=d(@®)+h3(t—=h) > 0 45)
u(t, t—=d())+ur(t—d(t), t—h)+us(t,t—h) > 0 (46)

Thirdly, for symmetric matrices Z,, Z;, the following zero-value term is obtained [51]:

t 1—d(t)
0=x"(t)Zx(t) — x" (D Zyxa(H)—2 f X (8)Zyx(s)ds + x5 () Zpxa(t) — x1 (DZpxp(1) — 2 f X' (8)Zpx(s)ds (47)
1—d(1) t—h

Fourthly, introducing (45)-(47) into (44) and combining the d(7)- and h,(f)-dependent terms yield
Vi) < " O (d(@0){ (1) = Vi(t) (48)
where ((¢) is defined in (31), and
[1(d(t) = Eo + d(O(E) + E]) + ha(t)(Zy + EY
_ ! B 1—d(0) B
Vi(t) = f 3 (8)Zy2(s)ds + f &5 (8)Zpea(s)ds
1—d(0) —h

and Z;,i = 0, 1,2 are defined in (35)-(37), Z,, Z, are defined in (43).
Fifthly, for any matrices L;, M; € R = 1,2, letting y in (17) be

Xo =10 =[x (0, x4 (0, f1 @), £ (@), v (0,95 (D), v3(0,v; (D] = e, (1) (49)

and using the GFWM-based inequality (17) to estimate the single integral term V(¢) yield

3LiZ'LT + My Z;' MY
3 o

Vi(t) = =Sym{n Lim + g Mgz} — d(l)ﬂg[

3LZVT + My ZTMT
—Sym{ngL2773 + ngMzm} —(h- d(t))ng[ R 3 o ]770 (50)
where
- { d(tmi(0) } . [—d(t)vl(t) + 2%(0} . [ ha(t)vali) } . {—hd(r)vz(r) + 2v4(r>}
x(O)—xq(0) | xO+x0 -2n@ | | xa®-x0) | Xa(1)+x5(8) = 2o (1)

which implies

—Vi(1) < " (O2(d(@)L (1) (51)
where

[2(d(1) = B3 + d(1)(Ba+E] +55) + ha(D(Ee+EL +E7)
and E;,i = 3,4,...,7 are defined in (38)-(42).
Finally, combining (48) and (51) yields
Vi) < ")) (1) (52)
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where W, (d(t)) is defined in (34).
On the other hand, based on Schur complement, LMIs (32) and (33) leads to

Y dlap=h £ 0, ¥i(d@®))lan=0 <0 (53)

which is equivalent to ¥ (d(#)) < 0 based on the convex combination method [60].
Therefore, if LMIs (32) and (33) hold, then the following holds for a sufficiently small scalar € > 0:

Vi(0) < —€llx@|I* (54)

which shows the asymptotical stability of DNN (2) with time delay satisfying (3) and (4) . This completes the
proof. O

In order to clearly show the GFWM approach is more effective than the Wirtinger-based inequality, the following
stability criterion is also obtained by using the LKF (31) and applying the Wirtinger-based inequality (10) to estimate

the single integral term arises in the derivative of the LKF.

Theorem 2. For given scalars h and u, DNN (2) with time delay satisfying (3) and (4) and activation function
satisfying (6) is asymptotically stable, if there exist positive symmetric matrices P, Qy, Q2,Z € R*™?", symmetric
matrices Z,,Zy € R™"; positive diagonal matrices A1, A\, U;, H; € R™", j = 1,2,3; and any matrices S1,5» €
R221 - such that the following LMIs hold

W3(d(®)lagy=0 < 0 (55)
W3 (d(O)lawy=h < 0 (56)
Z. S
O, = _ >0 57)
ES Zb
Za S»
O, = >0 (58)
ES Zb
where
W3(d(1) = T3 +d() Vs + ha(0)Y's (59)
T3 = E() + Eg
Ty =E; +E] +5
T

-2
W
|
[1]
[}
+
[1
[\ %)

_ E{(DlEl + 3E§-(D2E3

z, . (60)
_ Sym{ElT(DlEz + 3E§(D2E4}
zy = - ©1)
h
eo e 2e9
- +ey—2
e e N R -
heg —eg 2610—]168
er—es €y er+e3—2eg
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Proof. By constructing the LKF same to (31), its derivative is given as (48). Then by using the Wirtinger-based
inequality (10) and Lemma 3 to estimate the single integral term V(7) yields

! t—d(t)
_f sg(s)Zasz(s)ds—f &2 () Zper(s)ds
t=d(t) t—h
T
1 d(t)€7 hy(t)eg
< d(t)g (I)H -, }5() h (t)§ (){Lz_e3

T
3 - 2e9—d(t)e7| -
== (I)H Z }(()—h—(t)f (){

d(t)e7

—€2

Z, h”’(t)eg}} )
€r—e3

[en- hdmes” o

[2e9—d(oe7

2e10— hda)eg} _

d(1) e1+er—2e; ¢ e1+er—2e; er+ez—2eg er+e3—2eg
T T
d(t)eq d(t)eq 2e9—d(t)e; 2e9—d(t)e;
1 e—en e—en 3 e1+er—2eq el +er—2eq
<-20'0 D, ORI EU) D, 0
ha(t)eg ha(t)eg 2e10—ha(t)es 2e190—ha(t)es
er—es er—e;3 er+e3—2eg er+e3—2eg

1 3
= —Zg“T(r)[El +d(t)E>)" @ [Ey + d()E>)L(1) - E,:T(o[Eg + d(DE4]" Do E5 + d(t)E4)L (1)
= {T(O)(Es + d(Z + d*(1)E10){(1) (62)

where @, and @, are defined in (57) and (58), respectively, Zsg and Eg are defined in (60) and (61), respectively, and

EJ®\E; + 3E, ©yE,4

0=~ A (63)

[1]

Then, combining (48) and (62) yields
Vi) < T (0)¥2(d(0))4 (1) (64)
where

Wa(d(1) = W3(d (1) + d* ()10
= T3+ hYs +d(0)(Vs - Vs) + d*(DE (65)

and W3(d(?)) is defined in (59). Obviously, ;9 < 0, thus, based on 3) of Lemma 4, ¥,(d(#)) < 0 requires the following
holds

T3+ hYs <0, Y3+hTs+h(Ts—Ts5)<0 (66)
That is,
W3 (d(®))law=0 < 0, Y3(d@)law=h <0 (67)
Therefore, if LMIs (55)-(58) hold, then the following holds for a sufficiently small scalar € > 0:
Vi(0) < —ellx(]? (68)

which shows the asymptotical stability of DNN (2) with time delay satisfying (3) and (4) . This completes the
proof. O
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Remark 4. In [42], the FMBI was used to analyze the stability of DNN (2). Compared with the criterion derived in

this paper; there are some drawbacks in [42]. Firstly, although the single integral term in V3(x;), —ftir T (5)Z x(s)ds,
T

x(s) x(s)

x(s) x(s)

Zz U]
k Z3

ds and

was estimated by using FMBI, however, the single integral terms in Vs(x;), — fl i o {

- fr—d(r) x(8) | | Z2 Ua || x(s) ds
A EOINENAIEOI
were still estimated via the Jensen inequality, which is more conservative than Wirtinger-based inequality and the

T

GFWM-based inequality. Secondly, there exists an error during the discussion of d(t) (i.e., Remark 3 therein). Specif-
ically, in LMI (11) of Theorem 1, 2 can be rewritten as

2(d®) = Qo + d(DQ; + d*(HQ (69)
T
e7 e7
where Q;,i = 0, 1,2 are delay-independent matrices, and Q, = — €0 (P53 + %) €0 which is obtained from
—eg —eg
€y €y

HgCD3H6 and Hgl(l)4l'[21. In Remark 3 therein the authors claimed that Z(d(t)) < 0 for all d(t) € [0, 7] if 2(0) < 0 and
E(t) < 0. However, due to O3 + % > 0, it is not correct based on 3) of Lemma 4 in this paper. Therefore, the results
in [42] are incorrect and will not be listed in the following numerical studies. Note that the notations, Remark, and

Theorem mentioned in this remark are all defined in [42] if not explicity stated.

4.2. Case II: Stability of DNN (2) with the delay satisfying (5)
For DNN (2) with the delay satisfying (5), the following LKF candidate with delay-product-type terms is con-

structed:
Vo) = V(04 Vs + Va4 Vsy—| . P ) (70)
R ’ ¢ : ftih x(s)ds ftih x(s)ds
where
x(1) ! x(1)
Vi) = | [1 . x()ds | Po| [, x(s)ds
tt:hd(t) x(s)ds [:ld(t) x(s)ds

T
Vi = do| o }m[ 0

u x(s) t x(s)
ft‘—d(t) w9s ftfd(t) 095

Vst = h=dty| +u? | py|
T IS s | SN s

and V(¢) is defined in (31), and P;,i = 0, 1, 2 are the symmetric positive definite matrices.
Based on LKF (70) and the GFWM-based inequality (17), the following stability criterion is derived.

Theorem 3. For given scalars h and u, DNN (2) with time delay satisfying (3) and (5) and activation function
satisfying (6) is asymptotically stable, if there exist positive symmetric matrices Py € R, P, Py, 01,0:,Z €

14



RZnXZn

matrices L;, M; € R¥" i = 1,2, such that the following LMIs hold

K

€0

er — (1 =d()er ~ d(D)es

€0

[ W, — hEs helLy hel M, |
* —hZ, 0 <0
* x  —3hZ, |
\Pb - hE7 heng hegMz ]
* —th 0 <0
* x  =3hZ |
W, — hZs helLy hel M|
s —hZ, 0 <0
* *  —=3hZ, |
‘Pd - /’ZE7 heng hegMz ]
* —~hZy, 0 <0
* *  —=3hZ |
where
Vo = Yad(@), d(t))|d([):h,d(t):—y
Wy, = Wa(d(®), d(1)lgr=0.d(1)=—u
LIjc = ‘{14(d(t)’ d(t))|d(1‘)=h,d(t)=;1
Wy = Ya(d(D), d(t))|d(r)=o,d(;)=,l
W4 (d(0), d(1) = To + dOT1 + ha() T + 11 (d(1), d(1)) + E1a(d(1), d(1)) + E13(d(0), d(1))
T
- e €
T0250+E3—Sym{{ P }}
€o ey —e3
rY'l =24+ EI + 5
'Y'z = =g+ Eg + E7
T
€l €s
En(d(0), d(r) = Sym 1| d(t)ez | Po|er — (1 - d(1)e
ha(t)es (1 -d®)e; — e
T T
. . el el (4] €s
E12(d(1),d(t) = d(1) P, + Sym {{ d(t)P, }} + Sym{
ey e7 e7 | €0
T T
- . . (4} €1 €1 [
Ei3(d(1),d(n) = =d(1) Py +Sym {[ } ha(t)P> } + Sym{{
eg es es €o

and B;,1=0,3,4,...,7, are defined in (35), (38)-(42).

15

T
e

1 P,
€g

(1 —d(1))es — 3 + d()es

, symmetric matrices Z,,7Z, € R™"; positive diagonal matrices A1, A2, U;, H; € R™",j = 1,2,3; and an
Yy )4 8 o J y

(71)
(72)
(73)

(74)

(75)

(76)

|-
}<7s>




Proof. The derivatives of the Vi(t),i = 3,4, 5 can be obtained as

T
x(1) x(1)
Vi) = 2| [T, x(9)ds | Po| x(t) = (1 = d(0)xa(0)
O xsds| (1= d@)xa) - (@)
= {7(1) (201 (d(0). d(1)) £(1) (79)
Va(o) d(r){ 0 [ 0 } + 2[ O P X }
T E-C) N w T ) | x0-(=d)xa-da) [, 42 ds
ft—d(r) 0 ds jz‘—d(z) 0 9s jt;d(t) ands {d(r) b 8
= {7(1) (Ena(d (@), d(1))) £(1) (80)
T T .
Vs = —d | } P [ SO PP I } ha(H)P o
5(1) = — 1=d(6) x(s) 2| c=d) s 1=d(0) x(s) d\DE2 | (-dwpxo-xiwrdo [ 255 ds
t—h mds b ha(D) ds t—h st - ]hé,(z) S
= {7(1) (E13(d(0). d(1))) £() 81)
where Z;,i = 11, 12, 13, are defined in (76)-(78).
Combining the proof of Theorem 1, the derivative of the V,(f) can be estimated as
Va(1) < " (0Wa(d (1), d(0){(2) (82)
where W4(d(?), d(?)) is defined in (75).
It can be found that the W4(d(7), d(f)) can be presented as
Wa(d(n), d(1)) = Q3 + d(1)Q4 + d(1)[Qs5 + d(H)] (83)

where Q;,i = 3,4,5, 6 are delay-independent matrices. Thus, W4(d(?), d(t)) < 0 requires the following holds

Wa(d(), d(t))|d(1)e{0,h|,d(,)€{,ﬂ,ﬂ} <0 (84)

which can be guaranteed by LMIs (71)-(74) based on Schur complement.
Therefore, if LMIs (71)-(74) hold, then the following holds for a sufficiently small scalar € > 0:

Va() < —€llx@)|I* (85)

which shows the asymptotical stability of DNN (2) with time delay satisfying (3) and (5) . This completes the
proof. O

To verify the contribution of delay-product-type terms V4(¢) and Vs(¢), the stability criterion obtained from Theo-
rem 3 by setting P; = 0 and P, = 0 (i.e., V4(¢) = 0 and Vs(¢) = 0) is given as follows.

Corollary 1. For given scalars h and u, DNN (2) with time delay satisfying (3) and (5) and activation function
satisfying (6) is asymptotically stable, if there exist positive symmetric matrices Py € R¥3", Q1,0,,7Z € R¥™>",
symmetric matrices Z,,7Z, € R™"; positive diagonal matrices Ay, Ay, U . Hj € R j = 1,2,3; and any matrices
Li, M; € R¥21 i = 1,2, such that LMIs (71)-(74) with P; = 0,i = 1,2 hold.
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Remark 5. In Section 4.1, based on a simple augmented LKF, the comparison of Theorem 1 and Theorem 2 is given
to show the advantage of the GFWM approach. In Section 4.2, the GFWM approach is extended to a new LKF with
some delay-product-type terms, whose contribution to conservatism reduction can be verified through the comparison
of Theorem 3 and Corollary 1. In fact, as mentioned in Section 1, the estimation of the single term is unavoidable for
different LKFs. Therefore, it can be expected that better stability criteria can be obtained by extending the GFWM
approach to other LKFs with more general forms. Moreover, the GFWM approach can be applied to investigate other
problems, such as the analysis of dissipative [61, 62] and/or exponential stability [63, 64], and the DNNs with infinite
delay [65] and/or leakage delays [66, 67].

Remark 6. It is worthy pointing out that the GFWM-based criteria developed in this paper achieve the conservatism
reduction at the cost of many slack matrices, which may increase the calculation complexity. Although such problem
may be solved with the development of high performance computer, it is also important to develop some new criteria
that can reduce the conservatism without introducing additional decision variables. For example, the novel integral
inequalities developed in [46] can achieve this objective and will be extended into the study of the DNNs in our future

work.

5. Numerical examples

In this section, three numerical examples are given to show the advantages of the obtained criteria. As mentioned in
Section 1, the important aim of the stability analysis of DNNs is to determine the AMDBs. And the stability criterion
that provides larger AMDBEs is less conservative than the one that gives smaller ones. Therefore, the advantages of

the proposed criteria are demonstrated via the comparison of the AMDBs calculated by various criteria.

5.1. Results comparison

Example 1. Consider DNN (2) with the following parameters:

A =diag{1.5,0.7}, W =diag{l,1}, Wy= {

03 0 00 0.4
, Lo = , J=
0 0.8 00 0.2

In order to verify the advantages of the proposed method, the AMDBs of the delay satisfying d(f) < u with respect

0.0503 0.0454 W = 0.2381 0.9320
0.0987 0.2075 |’ ~10.0388 0.5062

2 =

to various u obtained by the proposed criteria are given in Table 1, where the AMDBs calculated by stability criteria

in the literature are also listed for comparison. The following observations are summarized from the results.

e It can be easily found that the proposed stability criteria can produce the larger AMDBs for all cases than those
given in the existing literature. It shows that the proposed criteria are indeed less conservative than the ones in

the literature.

e Theorem 1 and Theorem 2 are respectively derived via the proposed GFWM approach and the Wirtinger in-
equality based on the same LKF, and the AMDBs of Theorem 1 are larger than the ones of Theorem 2. That is,
the GFWM approach is more effective than the widely used Wirtinger inequality approach, which matches the

theoretical analysis in Section 3.
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e The comparison between the AMDBs calculated by of Theorem 3 (with delay-product-type terms) and the ones
of Corollary 1 (without delay-product-type terms) clearly verifies the delay-product-type terms, V4(¢) and Vs(¢)

in (70), are effective in the reduction of conservatism.

e The comparison between the results of Theorem 1 (for the case of d@n < ) and the ones of Theorem 3 (for
the case of |d(f)] < u) shows that the additional information of delay changing rate, i.e., the lower bound of the

delay changing rate, is helpful to further reduce the conservatism of the results.

e The comparison of NDVs included by different stability criteria listed in Table 1 shows that the GFWM-based

inequality achieves the reduction of conservatism at the cost of the increase of decision variables.
Example 2. Consider DNN (2) with the following parameters:

13.6014 -2.9616 -0.6936
A = diag{7.3458,6.9987,5.5949}, W =| 7.4736 21.6810 3.2100 |, W, = diag{0,0,0}, W, = diag{l, 1, 1}
0.7290 -2.6334 -20.1300

T
¥, = diag{0.3680,0.1795,0.2876}, %, = diag{0,0,0}, J = [0.4 0.2 0.3]
The DNN described above is a static neural network, and its stability has been widely studied in [14], [25], [32],
[37], [38], [41], [49], [53], [55]. For different u, the AMDBs calculated via the criteria presented in this paper and
the ones in the literature are summarized in Table 2, where ’-’ represents that the allowable upper bounds for the

corresponding cases are not provided in those literatures. The results given reveal that the GFWM-based Theorem 1 is

more effective than both the stability criteria in existing literature and the one developed via the Wirtinger inequality.

Example 3. Consider DNN (2) with the following parameters:

A = diag{1.2769,0.6231,0.9230, 0.4480}, W = diag{1,1,1, 1}

-0.0373 0.4852 -0.3351 0.2336 0.8674 -1.2405 —0.5325 0.0220

_ | —1.6033 0.5988 -0.3224 1.2352 _ | 0.0474 -0.9164 0.0360 0.9816
° 71 03394 -0.0860 —0.3824 —0.5785| ' | 1.8495 2.6117 -0.3788 0.8428
-0.1311 0.3253 -0.9534 -0.5015 -2.0413 0.5179 1.1734 -0.2775

¥, = diag{0.1137,0.1279,0.7994, 0.2368}, X, = diag{0,0,0,0}, J = [0.4,0.2,0.3,0.1]"

This example has often been used to compare the conservativeness of the stability criteria in the literature [20,
35, 25, 52, 36, 29, 21, 23, 42, 40]. Table 3 gives the corresponding AMDBs with respect to different u obtained by
the proposed stability criteria as well as the ones given in literature. The stability criteria in [9, 12], derived based
on the FWM approach, lead to smaller AMDBs than Theorem 1 does. It shows that the GFWM approach is more
effective than the FWM approach, which verifies the statement in Remark 1. The LKFs with more general form, such
delay-partition-based LKFs [20, 16, 25, 29, 21, 40, 23], augmented LKF [33], or the LKF with triple integral term
[52], have improved the results, while they are still more conservative than the ones obtained by the proposed criteria

since the Jensen inequality used therein is more conservative than the proposed GFWM approach.
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5.2. Simulation verification

From the parameters of the DNNs, the equilibrium points of them can be obtained as y* = [0.6760 0.9077]7,
y* = [0.0948 0.0532 0.0261]7, and y* = [0.1501 0.3471 0.3037 0.2401]7, respectively. From tables, the DNNs are
stable for the cases: Example 1, ¢ = 0.4, and & = 9.7430; Example 2, 4 = 0.1, and 4 = 1.1118; and Example 3,
p=0.1,and i = 4.3583. Thus, simulation studies for the following three cases are given:
[ 0.3 tanh(y;)

e Example 1: g(y) = (1) = [0.8,0.5]7, 1 € [-9.7430,0]; d(r) = 2220 + 2280 sin (081):
| 0.8 tanh(y,)

[ 0.3680 tanh(y,)

e Example 2: g(y) = | 0.1795 tanh(y,) | y(t) = [0.2,0.1,0.3]7, 1 € [-1.1118,0]; d(r) = L8 + LU i (D2-p);
p (2) 2 2 T1118

| 0.2876 tanh(y3)

e Example 3: g(y) = [0.1137 tanh(y;), 0.1279 tanh(y,), 0.7994 tanh(ys), 0.2368 tanh(y)”, y(£) = [0.3,0.1,0.2,0.4]7,

t € [-4.3583,00; d(r) = 4358 4 £398 gin (02¢);

The responses of the DNNs are shown in Figs. 1-3, and the results show that the DNNs are stable at their equilibrium

points, which verifies the effectiveness of the proposed methods.

6. Conclusions

This paper has developed a novel GFWM approach to analyze the delay-dependent stability of continuous DNN
with a bounded time-varying delay, and several new stability criteria with less conservatism have been established.
The improvement of the proposed stability criteria is benefit from the development of the GFWM approach, which can
estimate the single integral term arising in the derivative of the LKF more accurately. It has been theoretically proved
that the GFWM approach encompasses the widely used Wirtinger-based inequality and the recently presently FMBI
approach. Finally, the comparison of the AMDBs for three numerical examples calculated based on the proposed

criteria and the existing ones has clearly verified the advantages of the proposed criteria.
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Table 1: The AMDBS # for various ¢ (Example 1)

u

Cases Criteria NDVs
0.40 0.45 0.50 0.55

d() < u [11] 3.9972 3.276 3.059 2.9814 12.5n% + 5.5n
[28] (Th.1) 4.39 3.67 3.46 3.41 35.5n% +7.5n
[25] (Th.4, p =0.5) 4.5023 3.7588 3.5472 3.4885 12.51% + 23.5n
[52] (Th.1) 4.5543 3.8364 3.5583 3.4110 63.5n% + 11.5n
[51] (Co.1) 4.8748 4.2702 4.0551 3.9369 30.5n% +23.5n
[36] (Th.1) 5.1029 4.1100 3.6855 3.4434 30.51% + 8.5n
[48] (Th.1) 5.2420 4.4301 4.1055 3.9231 87.5n% + 11.5n
[55] (Co.3) 7.4203 6.6190 6.3428 6.2095 11.517% + 13.5n
Theorem 2 6.7883 6.1800 5.9623 5.8481 171 + 13n
Theorem 1 8.3498 7.3817 7.0219 6.8156 73n% + 13n

ld(t)| < [58] (Th.2.1) 8.9704 7.6635 7.1554 6.8550 59.5n% +20.5n
[51] (Th.3) 9.7094 7.7523 6.8570 6.2977 42n +27n
Corollary 1 12.3721 10.0868 9.2340 8.7839 75.5n% + 13.5n
Theorem 3 13.8671 11.1174 10.0050 9.4157 79.5n% + 15.5n
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Table 2: The AMDBs £ for various u (Example 2)

u

Cases Criteria NDVs
0.0 0.1 0.5 0.9
dit) <p [25] (Th4,p =0.5)  1.7683 1.0426 04313 - 12.5n% +23.5n
[38] (Co.1) 1.8764  1.1127 04464  — 26n% + 17n
[53] (Co.1) 1.5575  0.9430 04417  0.3632  38n*>+19n
[14] (Th.2) 1.3323  0.8245 03733  0.2343 250> +5.5n
[32] (Co.2) 1.3323  0.8402 04264 03214  8.5n° +6.5n
[49] (Co.1) - 0.8411  0.4296 03227  25.5n>+8.5n
[55] (Co.3) 1.5857  0.9567 04432 - 11.5n + 13.5n
[41] (Co.1) 1.6386  0.9956  0.4464  0.3800  104.5n% + 17.5n
Theorem 2 1.6124 09727 04442 03662 170> +13n
Theorem 1 1.7302  1.0453  0.4486 03938 731> +13n
ldl <u  [37] (Pro.2) 1.8899  1.1114 04514 - 17n% + 14n
Corollary 1 1.8899  1.1132  0.4920 04700  75.5n> +13.5n
Theorem 3 1.8899  1.1135  0.4922 04701  79.5n> +15.5n
Table 3: The AMDBs £ for various u (Example 3)
Cases Criteria K NDVs
0.1 0.5 0.9
dit) < u [20] (Th.2 p = 0.6) 3.3574 2.5915 2.1306 15n* + 7n
[35] (Pro.2) 3.5204 2.7167 22141 10.51% + 8.5n
[25] (Th.4, p = 0.5) 3.8739 27415 23011 12.5n% +23.5n
[52] (Th.1) 3.623 2.965 2.352 63.51n> + 11.5n
[36] (Th.1) 3.4984 2.7243 2.2029 30.51% + 8.5n
[29] (Th.3,m = 2) 3.7665 2.6814 2.2274 17n% + 8n
[21] (Th.1,m = 2) 3.8428 2.7081 2.2485 Tn? +9n
[55] (Co.3) 4.1838 3.1510 2.8347 11.517% + 13.5n
[23] (Th.1,m = 2) 4.1840 2.8387 2.3423 20n% + 11n
[42] (Th.1) 4.1903 3.0779 2.8268 66.5n% + 18.5n
[40] (Co.3.1) 4.2143 3.1059 2.7494 13.51% + 6.5n
Theorem 2 4.1268 3.0778 2.7619 17n% + 13n
Theorem 1 4.2778 3.2152 2.9361 73n% + 13n
ld()| < u [26] (Th.1) 3.7515 - 2.4628 12.5n% +9.5n
[51] (Th.3) 3.9337 3.5307 3.2627 42n% + 27n
Corollary 1 4.3939 3.5657 3.3591 75.5n% + 13.5n
Theorem 3 4.4167 3.5986 3.3755 79.5n% + 15.5n
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Figure 1: State trajectories of the DNN of Example 1.
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Figure 2: State trajectories of the DNN of Example 2.
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Figure 3: State trajectories of the DNN of Example 3.

25

400



