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Memory-Event-Triggered Hy, Output Control
of Neural Networks With Mixed Delays

Shen Yan™, Zhou Gu

Abstract—This article investigates the problem of memory-
event-triggered H,, output feedback control for neural networks
with mixed delays (discrete and distributed delays). The prob-
ability density of the communication delay among neurons is
modeled as the kernel of the distributed delay. To reduce
network communication burden, a novel memory-event-triggered
scheme (METS) using the historical system output is introduced
to choose which data should be sent to the controller. Based on
a constructed Lyapunov-Krasovskii functional (LKF) with the
distributed delay kernel and a generalized integral inequality,
new sufficient conditions are formed by linear matrix inequal-
ities (LMIs) for designing an event-triggered H,., controller.
Finally, experiments based on a computer and a real wireless
network are executed to confirm the validity of the developed
method.

Index Terms—Distributed delay,
neural networks, time-delay systems.

event-triggered control,

I. INTRODUCTION

VER the past decades, a considerable effort has been

devoted to neural networks due to their wide applications
in computer vision, deep learning, image encryption, Chua’s
circuit [1]-[7], and the references therein. It is noted that these
applications are mainly dependent on the dynamic behaviors
of neural networks, such as stability, chaos, and oscillatory.
For example, the synchronization issue of neural networks
utilizing the chaotic features is usually applied in image
encryption. To reach the synchronization of master and slave
neural networks, a synchronization issue is converted into a
control problem of an error system, where a controller is
designed to drive the slave neural network to track the master
neural network in [4]. In addition, when the performance
and stability of neural networks are deteriorated by noises or
disturbances, a controller is usually used to improve them.
In practical systems, time-delay problem is often encountered,
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which has gained much attention and inspired many results, for
example, stability analysis [8]-[10] and stabilization [11]. It is
common that there exist communication delays in the imple-
mentation of neural networks in real environments, which
can deteriorate the system performance even make the system
unstable. Thus, the issue of stabilization for neural networks
with time delays becomes an interesting and hot research
topic to obtain a desired system performance or reduce the
convergence time. A great deal of interesting results have been
addressed for this problem in [12]-[14] and the references
therein. Recently, as the development of digital communication
networks, network-based neural networks are considered for
control [15] and state estimation [16] problems. Han et al. [15]
addressed the network-based H,, control for neural networks
with distributed delay, data quantization, and packet dropouts.
In [16], the issue of networked H,, state estimation is studied
for neural networks subject to network constraints, including
the network-induced delay.

In real networked systems, the bandwidth of communication
channel is limited usually, which is not considered in the
aforementioned works. Thus, event-triggered scheme (ETS)
is investigated to save the limited network resources and has
gained growing attention from many researchers [17]-[20].
The problem of robust event-triggered adaptive control for
uncertain nonlinear systems is developed in [21], where the
full state constraints, system uncertainties, and measurement
errors are considered simultaneously. In [22], an ETS using
the relative error among the present system state and the last
triggered state is proposed to ensure the input-to-state stability
of both linear and nonlinear systems. Inspired by this work,
various event triggering conditions are reported, such as peri-
odic ETS [23], switching ETS [24], and dynamic ETS [25].
Different from these results knowing the stabilization con-
troller in advance, Yue et al. [26] proposed a codesign method
for handling the event-triggered control of linear networked
control systems with communication delay, where the parame-
ters of ETS and controller gain are designed simultaneously.
For neural networks, following the codesign idea presented in
[26] and [27] studies the issue of decentralized H,, control
under ETS and cyberattacks. To cast the codesign conditions
into linear matrix inequalities (LMIs), Zha et al. [27] assumed
the control matrix satisfying full column rank, which is also
assumed in [15]. Ding e al. [28] developed a new switched
control strategy to cope with the stabilization issue of neural
networks under the switching ETS [24]. The event-triggered
synchronization control of switched delayed neural networks
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is addressed in [29]. By employing the mode-dependent aver-
age dwell time approach, Yan et al. [30] investigated the
design of sliding mode controller for switched neural networks
with ETS.

Notice that the works of [26]-[30] only utilize the instant
system information to design the triggering conditions, where
the continuous system dynamics over a finite-time interval is
not considered. Different from these results, Zhang et al. [31]
proposed a novel ETS using the accumulation error of the
system state, which could be helpful to further save network
resources. However, under such triggering condition, it is
difficult for codesigning the triggering parameters and the con-
troller gain. Mousavi et al. [32] studied an integral-based ETS
based on the average value of historical system state to atten-
uate the effect on control performance induced by stochastic
measurement noise. In [32], the integral term induced by the
triggering condition is treated via an approximation approach,
which will result in the approximation error. In addition,
the controller design methods in [27], [30], [32] are feasible
only when all system states are available. Unfortunately, this
requirement on the system state is hard to be realized in
many practical applications [33], particularly for relatively
large-scale neural networks [34], [35]. For neural networks
with discrete and distributed delays, a few results about
the event-triggered H,, control with memory-event-triggered
scheme (METS) and measurement output are investigated,
which motivates the present work.

This article studies the design of H, static output controller
for neural networks with discrete and distributed delays under
the METS. A practical wireless network is built up to verify
the effectiveness of the proposed ETS. We summarize the main
contributions as follows.

1) A new METS utilizing the mean of measurement output
is proposed to release the overoccupation of limited
network bandwidth, and a constant scalar is inserted into
the triggering condition to exclude the Zeno behavior.
Compared with the existing ETS in [20] and [36] using
instant system output, the proposed METS has the poten-
tial to reduce some unnecessary transmissions induced
by the stochastic fluctuation of system dynamics.

2) The communication delays among neurons are described
as a distributed delay term with a kernel representing the
probability density and the integral term caused by the
proposed METS can be viewed as another distributed
delay term. The above two distributed delay terms are
utilized directly in the design of Lyapunov—Krasovskii
functional (LKF). Then, a novel integral inequality is
applied to handle the distributed delay terms and derive
the stability conditions. Compared with the existing
method [37] using Legendre polynomials to approximate
the kernel, the approximation error is avoided and the
decision variables are decreased by the proposed LKF
method. Moreover, the design conservativeness caused
by approximation error will be eliminated.

3) By a proposed separation approach based on the Finsler
lemma, the rank constraints on control matrix in some
existing results [15], [27] are not required anymore.
Moreover, the controller gain solved by the conventional
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left- and right-multiplying technique in [20] is dependent

on the inverse of Lyapunov variable, while this coupling

is removed by our proposed approach. Then, sufficient

conditions are established via LMIs, which ensures

the uniform ultimate bounded stability of the neural
networks with prescribed Hn, performance.

Notation: In this article, ||{| is the Euclidean norm in R”.

The transpose of a vector or matrix is denoted by the super-

script “T.” X' represents the kernel of X. He(X) equals

XT + X. The notation (]; means the binomial coefficients

given by (k!/((k — j)!j!). ® refers to the Kronecker product.

II. PRELIMINARIES

Consider a complex dynamic system modeled by the fol-
lowing delayed neural networks:

£(0) = Ax(t) + Noy () + Ny (x(t — 1))
Iy / )y (x(0)do + Bu(t) + Do)

y() = Cix(t)
z(t) = Cox(t) + Do (1)

where x(r) = col{x;(t), x2(t),..., x,(t)} € R" is the
state vector, y(tr) € R” is the system output, w(x(t)) =
col{y (x1(2)), y2(x2(t)), ..., wu(x,(t))} € R" denotes the
neuron activation function, u(r) € R™ is the control input,
w(t) € R? satisfying w(t) € L£5[0, oo) is the external
disturbance, z(t) € R? is the controlled output, the constant
scalar 7 denotes the discrete and distributed delays, and A,
Ny, Ny, N>, B, Cy, C,, Dy, and D, are known real matrices
and compatible with others. The pairs (A, B) and (A, C)) are
assumed to be controllable and detectable, respectively. The
kernel of the distributed delay g(v) is used to represent the
probability density function of communication delay among
neurons, which satisfies fi g()dv = 1 and the following
assumption.

Assumption 1: For the kernel g(v) of the distributed delay
term fi g@)y(x(t + v))dv, there exists a vector g(v) =
[gO(U) U gi(v) T gtl(v) ]T» gO(D) £ g(l)), i = 09 1’ S
with o € N and v € [—7, 0] satisfying

dg(v)
do

where g; (v) are linear independent, fi g()g” (v)dv > 0, and
& e R**“.

The neural activation function (-) is usually nonlinear,
which is difficult to be treated in stability analysis and syn-
thesis. To deal with such difficulty with the same assumption
in [29], the neural activation function () is supposed to meet
the following condition:

(w(x) — L) (y(x) — Lx) <0 3)

(1

= 6g(v) )

where 2| and % are two real constant matrices and satisfy
.,?2 — % 1 > 0.

Since the network bandwidth is limited, unnecessary data
transmission will lead to a waste of the network communica-
tion resources. In order to decrease communication frequency,
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an METS is presented as
Seet = min {5 > sele’ (s)De(s) = 09(s0)" @I (se) + 0} (4)

where J € (0, 1) is the triggering threshold parameter, ¢ > 0,
e(s) = (1/h) [, y@)do—$(s). 9(s0) = (1/h) [, y(@)dv.
y(s) is the current system output, y(s;) and 9 (sx+;) mean the
last and next triggered data, respectively, & is the integration
time interval, and ® is the positive weighting matrix.

Remark 1: The state and measured output of systems are
highly possible to be inserted with some stochastic fluctuations
caused by disturbances or noises in real-world applications.
However, most existing ETSs [26]-[30] rely on instantaneous
measured output, which are sensitive to such fluctuations and
may trigger a lot of unnecessary signals. In order to adapt this
scenario and increase the robustness of ETS against stochastic
fluctuations, the average output over a given time interval A is
introduced to construct the METS (4), which is more practical
and has the potential to suppress such random fluctuations.
Then, the data transmission is reduced and more network
bandwidth can be saved than the conventional ETSs.

Remark 2: To exclude the Zeno phenomenon (infinite trig-
gering events in finite period) in continuous-time ETS, a pos-
itive term ¢ is added in the METS by the similar way in
[20]. With the help of this term, a positive lower bound of the
interevent time can be obtained even though $(sz) = 0, which
guarantees no Zeno behavior.

Remark 3: As h — 0, e(s) = (1/h) [, y(0)dv — $(s¢)
becomes e(s) = y(s)—y(sx). Then, the triggering condition (4)
is reduced to

Seet = min {s > sele” (5)Pe(s) = oy(s0) Dy (se) + 0} ()

which is the existing ETS in [20] with ® = [ and [36] with
o =0.

Denote the overall network communication delay from event
generator to controller by a constant scalar /|, which satisfies

ty =Sk +hy < Sep1 +hy =tp1, kel (6)

Then, considering the network communication delay and
zero-order holder (ZOH), the triggering condition (4) implies
that

" O)Pe(t) < 06(H(s) PI(st) + 0, 1€, tir) ()
t—hy

where €(1) = (1/h) [[Z," y()dv = (sx), ha = hy + h.
According to the above analysis, the static output controller
is described as

u(t) = Ky(si) = KCix(sp), t € ltx, tiy1) (8)

where the controller gain K needs to be designed later.

Therefore, substituting (8) and €(¢) defined in (7) into (1),
the closed-loop system described by a system with distributed
input delay is given as

x(t) = Ax(t) + Noy (x(1)) + Ny (x(t — 7))

0
+N2f1/ G )y (x( +v))dv — BKe(t)
T i ©)

—}—BKClJz/ Z(0)x(v)dv + Diw(t)

t—hy

kZ(l‘) = sz(f) + DQCU(I)
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where
G() £ g)® L, go)=g)
g(l)) = [g()(l)), <o 8ay (U)]T
FW) 2f0) @ L, folw)=1/h

f(l)) = [fO(D)a B f(lz(v)]T'

This article aims to obtain the static output feedback con-
troller (8) such that the following conditions hold.
1) For w(t) = 0, the closed-loop system (9) is uniformly
ultimately bounded.
2) For any w(t) # 0 and zero initial condition, the con-
trolled output z(¢) satisfies

/ OOZT(t)z(t)dt <y? / b o’ (Nw(d:  (10)
0 0

where y represents the Hy, index.

The following definition and technical lemmas are useful
for obtaining the main results.

Definition 1 [20]: For the system (9) with w(t) = 0,
if there exists a compact set U € R" such that for any
x(ty+6) =x, € U, 8 € [—h;, 0], there exists a ¢ > 0
and a number 7 (o, x;,) such that [|x(¢)|| <o, Vi > 1+ T,
the state of system (9) with w(¢) = 0 is uniformly ultimately
bounded.

Lemma 1 [38]: Given a positive symmetric matrix % €
R™" and a vector g(v) satisfying (2) in Assumption 1, one has

/’szT(v)?/x(v)dv > [x|(W QW) m%(v)x(v)du (1D
m

m

with 7 ~! = fn”lz g()g" ()dv > 0 and Y(v) = g(v) ® I,
Remark 4: 1f the components of vector g(v) are chosen as
Legendre polynomials

gi(D)=Li(’72_v)

m—m
NS ST AV ETAYE A
=D jzz(;( D (J)( J )(nz—m)

with  #~' = diaglpy — i, (2 —m)/3),...,
(2 —m)/QRa+ 1))} for i = 0,...,a, one can get
that (11) holds. This implies that (11) in Lemma 1 covers the
Bessel-Legendre inequality in [37] as a special case.

Remark 5: By applying the presented METS with weight-
ing function, the closed-loop H., output control system is
established as a novel distributed delay system. The distributed
delay term can be approached by Legendre polynomials [37],
which could lead to approximation error and conservative-
ness. Thus, the problem of treating the distributed delay and
eliminating the approximation error is difficult and challenge.
To solve this problem, a novel integral inequality (11) in
Lemma 1 rather than Bessel-Legendre inequality based on
Legendre polynomials is adopted. Then, the distributed delay
term with weighting function in (9) can be treated directly,
which avoids the approximation error.
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ITI. MAIN RESULTS 0 On,(@s+1yn) 0 On,r 0 On,p
Theorem 1 gives the sufficient conditions for guaranteeing My = 0(“1+1)n,(as+1)n O(a1+1)n,r 0(a1+l)n,p
the Hs stability of the system (9) under the METS (4). (“2“1%“3*”" 0(“2“)'” O(’“*"”"’
In terms of Theorem 1, the corresponding conditions for code- - (@+Dnr  Ha+n.p
signing the output controller gain and triggering parameters are 0, I 02,3
formed in Theorem 2. gy = | Qetomn Owinnn Owinsn
Theorem 1: For given constants z, h, hy, u, v, and J, under Owatiynn Oattynn  Otart1yn,3n
the METS (4) and controller (8), the system (9) is uniformly | O+ Owstimn O@atiin3n
ultimately bounded with a prescribed H, index y if there exist O, (o1 +1)n O, (o1 +1)n
symmetric matrices Py, ® > 0, Q; > 0, O, > 0, O3 > 0, Hy = LI+ 1)n O(ay+1)n, (e +1)n
R, > 0, R, > 0, and R;3 > 0 and matrices X; and X, such O(art1yn, (@ +1)n Ta+1yn
that | O@s+Dm@+n O+ n, (@ +1n
Py >0 (12) On.(as+1)n O, On.p
E4+He(Z%) <0 (13)  Hy = O@i+hm(as+in O@+inr  O@+nn.p
O+ @+Dn O@otnr  Optyn,p
where Las+1)n Ows+nr Owstnn,p

Py = Py + diag{0,, 71 ® Q1,75 ® 02, #3 ® 03}

g < Proof: First, we choose the following LKF:
B B 2 L D
|2 -1 B EZ

[1]

4
V() = Vi(®) (14)
Y AN -
2 ’ 2
~ h
2, = He(H' PyM) + 66T ®&, — vE! 26, where
+diag{0,, E12, E13, E14, E15, 216, 217, 218, 219, Vi) = ") Py (), T =[x"(0) Q" (x) TT(x) T (x)]
t
110, E111} Va(r) = / T )01+ — £+ hy)RyJx(0)do
Er=[0, G 0, 0, 0, 0n,((u+1)n On,(a2+1)i1 l:ﬁlhl
Onetin - Onr D2 Ong] Vs(1) = / x"WIQ2+ (v — 1 + hy) Rylx (v)dv
81 = [Or,n Or,n Or,n Or,n Or,n Or,n t:h2
Or.(@y+1)n C\.A Ors+n - =1 Orp] Va(t) = / WT(X(D))[Q3 + (0 — 1+ )R]y (x(v))dv
-1

52 — On In On On On On,(a1+l)n Oil,((l2+l)n On,(a3+l)n On,r On,p 0
On On On On In On,(a1+1)n On,(aerl)n On,(a3+1)n On,r On,p Q(X) = / ﬂ(v)x(r +Z))dl)
—hy

1
2=01+hR +03l, E3=—-01+02+hR>

[1]

—h
Eiu=—02 Eis=03+7R; Ei6=—-03 Fx) = /h F)x(t +v)dv
)
Er=-M7®R, Eg=—"QR: 0
Bio=—-#®Rs, Eyo=-0, Eyp=-y°1 F) = /_T Gy (@ +v))dv.
[T T
2 =[XI X3 0, 0 0, O”’(“‘“T)” On. (et e For the chosen LKF (14), by applying Lemma 1, it yields
On,(a3+l)n On,r On,p On,q] t
D11 A 0, 0, No Ni Opeonm | Awoxed = o' moie onam a9
—h
BKC1.%, N»9i —BK Di 0,,] —
M=[M M, M3y M), H=[H, H, Hj] /l_h xT(©)Q2x()do > TT(x)(#2 ® Q)I'(x)  (16)
CL On 0, ] ‘ ’
= | O FO —FCa [ v Gon@weon = ¥ © 0¥, ()
Orrinn  O@atiynn  F (=h1) o
_O(a3+1)n,n 0(a3+1)n,n 0(a3+1)n,n _ From (14) and (15)’ one has
On On On Vie) = (0 Puc(o)
M, = O(a1+1)n,n O(a1+1)n,n 0(a1+1)n,n t ’
_y(_hZ) O(a2+1)n,n 0(a2+1)n,n +/ X (Z))(l) —t+ hl)Rlx(D)dD
L 0(a3+1)n,n g(O) _g(_f) _ t:flhl
On, (o1 £1ym) On. (s 1)m) +/ xT () — 1 4+ ha)Ryx (v)do
Ms = 0 -3 O(al-&-l)n,/(\az-#—l)n t;hz
@ontn =8 [ TN 1 DRy Do (13)
_0(a3+l)n,(a1+1)n 0(a3+1)n,(az+l)n t—1
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Therefore, the positiveness of V (¢) results from the condi-
tions S; >0, Ry >0, S >0, R, > 0, and ﬁN > 0.

By defining 97 (t) = [x7 (#), xT (), xT (t — hy), xT (t — h»),
p (), y" (x(t — 1)), QT (x), I (x), PT(x), €" (1), @" (1)],
it leads to

(O =MI@), (@) =HI@). (19)
Then, V(t) is obtained as
Vi(r) = 20" (1) Py (0) = 20T () HT PyMd (1) (20)

Va(t) = XT(fz(Ql + i R)x(t) — x"(t = h) Q1x(t — hy)
—/ xT ()R x (v)dv 20

—hy
Vi(t) = xT(t — h1)(Q2 + hR)x(t — hy) — x (t — ha)

t—hy
X Qax(t — hy) — / xT(v) Ryx (v)dv (22)
t—h,
Va(r) = w (x(0))(Q3 + TR w(x(1))
- WEX(t — 1) Q3 (x(t — 1))
- / y’ (x(0)R3y (x (0))do. (23)

From the definitions of Q(x), I'(x), and ¥ (x) in (14), their
derivatives are computed as

Qx) = 9(0)x0(r) — F(=h)x(t —hy)
-3 F(0)x(t +v)dv

(24)
Ix) = 9(—}{%0 — hy) — F(=hy)x(t — h))
-3 F (0)x(t + v)dv (25)
) = DO ~ D)~ 1
- / 0 G (0)y(x(t +v))dv (26)

where & = & ® I(g,+1)n and § =35 ® Ity

To ensure the Ho, stability of the system (9) based on the
triggering condition (6), the following condition should be
satisfied:

V() + 2" (0)z() — 70" (o)

4
< D Vi) +2 (0)20) = 0" (Do)

i=1
+ 00T (1)ET ®E V(1) — €” (1) De(r)

+o —aixT(Ox@) +oixT()x() <0.  (27)

Applying Lemma 1 to handle the integral terms in V;(r)
leads to

- /h )Ry x(@)dv < QT (1)(F1 ® R)Q(x)
(28)
- /hh )Ry xW)dv < —TT (1) (#5 ® Ra)T'(x)
(29)
-/ tT yT () Ryy (0)do < —¥7 (1) (#3 ® Ry)¥(x).
(30)
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On the other hand, from (3), it leads to
T T 2R x(t)
SO [l VA L

which results in

-7 (OE] 2&0(t) =0 (31)
for any v > 0.
Combining (28)—(30), (31) is further ensured by
ITOEI (1) +0 —a3x"()x(t) <0 (32)
where 97 (t) = [97 (1) 27 (1) ].
Based on %0 (t) = 0 and constructed 27, one gets
ITUNE+He(ZNI(t) +0 —oix"()x(t) <0. (33)

When [x(¢)]| = ¢/?, one can get ¢*3 — xT (t)x(¢) < 0.
Since the condition (13) guarantees E + He(Z' %) < 0, it is
obtained that (33) is guaranteed, which further ensures

V() + 2" ()z(t) — y 0" (Hw(r) < O0. (34)

It is noted that the closed-loop system (9) with w(r) = 0 is
uniformly ultimately bounded based on Definition 1. Integrat-
ing both sides of (34) over [0, oo] and with the zero initial
condition, one has [~ z"(1)z(t)dt < y? [;° 0" (Dw(t)dr.
Considering Definition 1 in [20], the closed-loop system (9)
is ensured to be uniformly ultimately bounded. |

According to Theorem 1, the corresponding control synthe-
sis conditions are provided in Theorem 2.

Theorem 2: For given constants t, h, hy, w, v, and J,
considering the METS (4), the system (9) is uniformly ulti-
mately bounded with a prescribed H., index y if there exist
symmetric matrices Py, ® > 0, Q; > 0, O, > 0, O3 > 0,
R, > 0, R, > 0, and Ry > 0 and matrices X, X,, Z, and W
such that (12) and

—_ —_
=0 =3

=1 3
EZ; —01 _ﬂ;e(w) +He(Z#)<0  (35)
=3
where
Zy = He(H"PyM) + 6] ©& —vE] Z&
+diag{0,, E12, E13, E14, Z15, Z165 217, 18,
E19, 110, 111}
EY =183 E3 Owan Om(a+n E3
Om,(@s+1yn ZE34 Ol
Z3 = (X1B—-BW)", ZE3 = (XoB—BW)"
By = (ZC1.5H)', Eu=-Z"

T =% D, T =19 % %)

% — -In On 0n,4n 0n,((u+1)n On,(a2+1)tl
_On In On,4n On,(a1+1)n On,(a2+1)n
o T

% — On,(a3+l)n On,r On,p On,q On,m
_On,(a3+l)n On,r On,p On,q On,m

P = [—X1 X1A 0,00 XiNo XN
| — X2 XA 0p2n XoNo XN

By = [On@rn BZC1Iy Opoyn X1 N2,
_On,(a1+l)n BZCIJ2 On,azn XZNZJI
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—BZ XD
—BZ X,D,

On,q On,m

On,q On,m '

Moreover, the controller gain is obtained as K = w-1z.
Proof: The condition (13) in Theorem 1 can be rewritten

7 On,a;n
%= I:On,ayl

as
HY'(E+ He(Z@)H: <0 (36)

where

HL:[H%} R_[EJrHe(%@) o]

H5 0 0
Hi = diag{l, 1,1, 1,1, I,....1 ,1,1,1}
——

ay+or+az+3
L
Hz - [0;11,6n Om,(a1+1)n KCIjZ

Om,(a3+l)n -K Om,p Om,q]o
Based on the structure of H~*, the matrix H satisfying
HHL =0 is given as

H= [0;11,6n Om,(a1+1)n KCIjZ

- K Om,p Om,q - Im] (37)

0;11,(a3+1)n
To deal with the nonlinear terms X;BKC; and X,BKC,
in (36), the matrix M is constructed as

M:[Ml MZ Om,4n 0m,(m+1)n Om,((zz+l)n

0;11,(a3+1)n Om,r Om,p Om,q /UWT]T (38)

where
M; = (BW-X,B), M,=(BW-X,B)".

Then, by applying the well-known Finsler lemma in [39]

to (36) with (37) and (38), it gives
R+ He(MH) <0 (39)
which is equivalent to (35). Thus, the proof is ended. |

Remark 6: When we choose C; = I, the corresponding
state feedback controller designing conditions can be derived
from Theorem 2 directly. In such a state feedback case, our
controller designing method for neural networks has no rank
constraint on the control matrix B, while it is always required
in some existing results [15], [27].

Remark 7: The obtained results based on LMI condi-
tions in Theorem 2 can be solved by MATLAB tool-
box directly. The computation complexity of Theorem 2 is
mainly dependent on the amount of decision variables (R =
(((r+ (Z?zl a; + 4)n)(Z:i3=1 a; +4)n)/2)) in the Lyapunov
variable Py, where a; (i = 1,2,3) mean the degrees of the
vectors g(v) and f(v) and n is the number of the state variable.
As the growth of a;, computation complexity is increasing.
However, less conservative results can be derived with higher
computation complexity, which is shown in the following
example.
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TABLE I
DATA PACKET FORMAT

Name Head Function Port Receiver Address Data End

Byte 2 2 2

variable 1

1V. EXAMPLE

Example 1: In this section, a cosimulation of a computer and
a practical wireless network is implemented, shown in Fig. 1,
where the system plant is carried out in computer and the con-
trol signals are propagated via the practical wireless network,
which is connected with the computer via Arduino board.
Some descriptions of the practical wireless network are given.
The data packet transmitted via the ZigBee module is formed
in Table I. In this experiment, the sampling period is 0.02 s and
each control signal is represented by two bytes. If there are two
control signals ¥ (sx) and $,(sx), the length of the data packet
will be 11 bytes. The period of one transmission of the ZigBee
module is 0.352 ms. According to the data sheet of the ZigBee
module, the consumption energy of each transmission for one
data packet is computed as 3.3 V x 30 mA x 0.352 ms =
0.034848 mJ, where 3.3 V is the operating voltage and 30 mA
is the current during the transmission. From Fig. 1, one can see
that the sender connected with the computer is used to send the
triggered data to the network and receive the transmitted data
from the network. Note that each data will be transmitted four
times, that is, from the sender to the router, from the router
to the receiver, from the receiver to the router, and from the
router to the sender.

Then, the control issue of neural networks is applied to solve
the synchronization problem of master—slave neural networks
described as

0(1) = —A0() + Nod(0(1)) + N1 (0t — 7))
0
LN / §)PO( +v))dv
d(t) = C0(1)

(40)

and
0(t) = —AD(t) + No (D)) + Nip (D¢ — 7))
0
+ Nz/ 2@t + v))dv + Bu(t) + Diw(r)

A(t) = C10().
(41)

By defining x(1) = 0(1) — 0(1), y(1) = () — 9(),
p (1) = $OWM) — pO), and y(x(t — 1)) = $@( —
7))—¢(0(t —17)), the synchronization of systems (40) and (41)
is transformed into the control system (1) with the following
parameters:

A = diag{-2, 0.2, —1, —3}
0.1 01 1.1 02 03
0.4 0.1 —01 02 02
B=1lo2" M=1 03 08 -05 12
0.1 04 —01 13 —04
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LT

J:DZ) EEIE)
] EE
} -
)
Computer
Fig. 1. Experiment setup.
01 02 0 05 0.5
02 01 02 02 0.5
Ne=104 02 02 —01| P'=]os
| -03 —0.1 02 -03 0.5
08 07 02 0.1 0.1
—04 —06 03 —05 0.1
M=1 12 _o4 —07 —o02] P2=|o1
| 05 —05 13 05 0.1
(1 0 0 1
C = 0 1 1 1 i|, Cy = L1, yi(x;) = tanh(0.1x;)
A =04 & =diag{0.1,0.1,0.1,0.1}.

As in [37] and [40], the probability density g(v) of com-
munication delays among neurons is usually approximated by
a gamma distribution, which can be viewed as the distributed
delay kernel. In this example, the upper bound of the commu-
nication delays is considered as r = 0.25, and then, the para-
meters of g(v) are selected as g(v) = —12300e™", v €
[—7, O] to satisfy the mathematic expression of gamma distri-
bution and the feature of probability density fi g()do = 1.
Based on ¢(v) = 35(—12300e*")4(—1230¢*") and Assump-
tion 1 for ¢; = 1 (i = 1,2,3), another term —1230e> is
added in g(v), which is given as

35 1
}e=[3 3]

&) | _ —12300e>
8(v) = |:g2(v):| - [ —1230¢%
g(”) = g(l)) & In, f] = [In On,a]n]

0
G0l 7= / g)g’ (0)dv.

Following the similar way for g(v), we choose
[ A@ ] | 1/hR 10 0
o =[5 | =L} =10 7]
F) =t@)® 1, §=3F&1,
—h,

0
! =/ f)f" (v)do, #5! =/
—h —h»

For t =0.25, h; =0.04, h =0.08, h, = h + h; = 0.12,
u =05 v =200 =0.1, and ¢ = 107°, the number

f(0)fT (v)dv.
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Wireless network

TABLE II
Hy, PERFORMANCE y FOR DIFFERENT VALUES OF ¢;, i =1,2,3
Theorem 2 a; =1 a; =2
¥ 1.7125 0.6281
I 448 880

of decision variables (X) in Py and the H., performance y
computed by Theorem 2 fora; = 1 and a; =2 (i = 1,2, 3)
are derived in Table II. When a; = 2, the third terms of

g(v) and f(v) are selected as g3(v) = —12300%e*" and
f3(v) = v%/h?, and the corresponding parameters can be
obtained based on the same process of a; = 1, which are

omitted here.

It is observed from Table II that the H, performance is
improved as we increase a, a», and a3. However, the larger
a1, o, and a3 are chosen, and the more decision variables in
matrix Py will be used, which leads to higher computation
burden and complexity. This illustrates that the proposed
method has the potential to reduce the conservatism by
increasing o, a, and a3 at the cost of increasing com-
putation complexity. The tradeoff between complexity and
conservatism can be considered as: if the system performance
is preferred to complex computation, one can increase the
values of ay, ay, and a3 to reduce conservatism. Otherwise,
reduce these parameters to meet the required computational
level.

The following simulations for the case a;
and case a; = a; = a3 = 2 are executed.

Based on Theorem 2 with a; = a, = a3 = 1, the cor-
responding controller gain K and triggering parameter @ are
obtained as

=0€2=OC3=1

1.5952 4.8693
K =[-0.5569 —1.7025], ® = |:4.8693 14.8859i|'
For o = a3 = a3 =2, K and @ are computed as
2.1921

—3.9772
K =[1.5094 —2.7679], ® = [_3.9772 71917 i|
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Fig. 2. State responses x(f) and release instants for oj = az = a3 = 1.
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Fig. 3. State responses x(¢) and release instants for a; = a, = a3 = 2.

In the experiment, the considered master—salve type of

neural networks is simulated in the computer and the proposed
METS is also executed in it. The proposed METS is utilized to
determine which signal should be transmitted to the controller.
If a signal satisfies the triggering condition in METS, it will be
triggered and send to the controller over the wireless network.
Then, the triggered signal is used to control the slave system
to track the master neural network. The exogenous disturbance
2s5in(0.57¢t), 0 <t <6s
0, otherwise.
With the zero initial condition x(0) = [0 0 0 0]”, sampling
step 0.002 s, and the above parameters, the trajectories of state
responses and release time intervals are shown in Fig. 2 for
oy = a, = a3 = 1. The corresponding curves under a; =
o, = a3 = 2 are shown in Fig. 3. According to these figures,
it is obvious that the states of system are well stabilized when
the external disturbance happens, which also implies that the
neural networks (40) and (41) can be synchronized via the
proposed METS control strategy.

is considered as w(t) =

IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS, VOL. 33, NO. 11, NOVEMBER 2022

TABLE III
NUMBER OF TRIGGERED EVENTS AND THE NETWORK ENERGY
CONSUMPTION UNDER THE SAME y = 0.8

ETS N &(mJ)
ETS in [36] 183 25.51
ETS in [20] 143 19.93
Our METS with k = 0.01 106 14.78
Our METS with h = 0.03 98 13.66
Our METS with & = 0.07 92 12.82

To show the effectiveness of the proposed METS for
saving the precious communication resources, the stochastic
disturbance w(t) = 0.2sin(0.5z¢) + f(t) for 0 <t < 65
(otherwise, @ (t) = 0) is considered, where f(¢) is a uniformly
distributed random variable satisfying |f(r)] < 1. Choose
o = 107° and the same H,., performance y = 0.8. The
comparison results of the amount of events generated by our
METS with a; = a, = a3 = 1 and some existing ETSs are
given in Table III, in which the energy values are computed
by the formula & = K x 0.034848 mJ x 4.

From Table III, one observes that the proposed METS (4)
outperforms some existing ETSs on the energy consumed by
wireless networks. Specially, compared to the existing ETS in
[36] and ETS in [20], 49.74% and 35.47% energy can be saved
by the proposed METS (4) with 2 = 0.07. This demonstrates
the superiority of our proposed METS.

Remark 8: The proposed method is not specific to the
master—slave type of neural networks. It can be applied to
a class of artificial neural networks and the practical systems
modeled by artificial neural networks satisfying the system
model (1). For instance, the proposed method is applied to
control a numerical artificial neural network and a Chua’s
circuit modeled by our presented system model in the next
two examples.

Example 2: Choose the system (1) with the following

parameters:
04 0 0 ~0.1 0.1
A= o 0.2}’32[1}’ Noz[o.l —0.1}
01 02 ~08 07
NM=1 02 —0.1]’ N = [—0.4 —0.6]
0.5 2 02 0.1
G=1, 1i|, G =1, D1=|:0.11|, D2=|:O.1i|

wi(x;) = tanh(0.1x;), i=1,2.

w(x) satisfies condition (3) with 4 = 0, and % =
diag{0.1 0.1}.

Select 7 = 0.25, hy = 0.04, h =0.08, h, =h+h; =0.12,
u=05v=20,0=0.1,0 = 10°%, and a1 = ayp = 1.

In order to illustrate the advantage of the proposed method
for dealing with the distributed delay term with kernel over the
method based on Legendre polynomials in [37], the following
comparisons are provided.

Moreover, Legendre polynomials given in the following are
applied to approximate the kernel g(v). For a chosen as,
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TABLE IV
COMPARISON RESULTS OF & AND 7

Methods R b

Method in [37] with az = 5 264 0.5121
Method in [37] with a3 = 4 240 0.6551
Method in [37] with g = 3 180 0.6937
Method in [37] with az = 2 144 0.7143
Our method with a3 = 2 144 0.4524

20 T T T
The probability density g(v)
—#— g(v) approximated by Legendre polynomials (a3 = 2)
g(v) approximated by Legendre polynomials (a3 = 3)
g(v) approximated by Legendre polynomials (a3 = 4)
g9(v) )

v) approximated by Legendre polynomials (a3 = 5

-0.25 -0.2 -0.15 -0.1

\

-0.05 0

Fig. 4. g(v) and g(v) with az =2,...,5.

the approximated function g(v) is expressed as

a3 2 1 0 _
gy =" / g(v)lLi(—v)dv
i—0 ™ —Ty ™

where Li(—v/ty) = (=1)" 2o(=1)7(5) (" )(—v/m) .
The corresponding curves of the kernel g(v) and the approxi-
mated function g(v) for different degrees are shown in Fig. 4.
From Fig. 4, one observes that the larger a3 is chosen,
and the better performance of the approximation for g(v) is
obtained. As the increase of a3, much more decision variables
are needed by using Legendre polynomials. The amounts of
decision variables (R) in Py and Hy, performance y with the
Legendre polynomials and our presented approach are derived
in Table IV. From this table, it is seen that both & and y
obtained by our method are smaller than the values obtained
by the method in [37]. These illustrate that our method
handling the kernel g(v) without approximation error is less
conservative than the one based on Legendre polynomials.

Example 3: In this example, we show that the considered
system (1) can model some practical systems by choosing
appropriate parameters. One of them is Chua’s circuit, which
is borrowed from [41] and modeled as

X1(t) = —amx1(t) + axy(t) — a(mg — my)A(x1 (1))
X (1) = x1 (1) — x2(1) + x3(1)

X3(1) = —bxa(2)

y() = x1(t)

(42)
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Fig. 5. Trajectories of the state and release instants.

TABLE V
R FOR DIFFERENT VALUES OF 0

0 0.1 0.2 0.3
R 198 181 159

witha =9,b=14.28,¢c=0.1,my = —(1/7),and my =2/7
and the nonlinearities of Chua’s diode

A(x1(1)) = 0.5(my — mo)(Jx1 () + 1] — |x1 (1) — 1)).

Then, without considering the discrete and distributed
delays and the disturbance, the closed-loop system of Chua’s
circuit can be transformed into the system (1) with

18 27
A=1 1 1 M=1
0 —1428 0 0
Ci=[1 0 0]
y(xi1(1)) = A(x1()), Lo=1, Ly =1

N =N, =0, B=1I, CO(Z)ZO

By selecting iy = 0.02, h = 0.04, h, = h + h; = 0.06,
,u:l,v:lO,&:O.l,a:lO’(’, and oy = o, =03 = 1,
the controller gain and triggering matrix are solved as

K =[—1.6458 —0.5361 2.0769]", ® = 39.6878.

In the simulation, based on the same experiment setup
in Example 1 and choosing the initial condition x(0) =
[2.1 0.7 —0.67], the state response trajectories and release time
intervals are given in Fig. 5. From this figure, one can see that
the synchronization error system state of Chua’s circuit can
be stabilized well by our proposed memory-event-triggered
control approach.

In addition, the number of triggering events under different
values of ¢ is given in Table V. From this table, one can see
that a larger value of ¢ is chosen, and fewer events will be
triggered. On the contrary, a smaller ¢ will result in more
triggering events.
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V. CONCLUSION

This article focuses on the memory-event-triggered Hoo
output control issue of neural networks with discrete and
distributed delays. A novel METS utilizing the mean of
system output is presented to reduce the signal communication
frequency. Compared with some existing ETMs based on
instant system information, the proposed METS can decrease
more data transmission. By using the Finsler lemma, a decom-
position method is employed to extract the controller gain from
system matrices and introduced variables. Resorting to a novel
integral inequality technique, sufficient synthesis conditions
for designing the event-triggered H, static output controller
are obtained via LMIs. Some cosimulations are executed to
confirm the validity of the developed approach.
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