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Abstract—This study focuses on the quasisynchronization
problem for reaction—diffusion neural networks (RDNNSs) in
the presence of deception attacks. Under deception attacks, a
time—space sampled-data (TSSD) control mechanism is proposed
for RDNNs. Compared with traditional control strategies, the
proposed control mechanism can not only save network band-
width but also improve the cybersecurity of communications.
Inspired by Halanay’s inequality, a new inequality is proposed,
which can be effectively applied to the quasisynchronization
problem for dynamical systems. Then, by using this inequal-
ity and the Lyapunov functional approach, quasisynchronization
criteria are set for RDNNs. The desired control gain is gained
from solving a group of linear matrix inequalities. Moreover, in
the absence of deception attacks, the exponential synchronization
problem is studied for RDNNs. In the end, simulation results are
given to demonstrate the usefulness of the theoretical analysis.

Index Terms—Deception attacks,
reaction—diffusion neural networks
sampled-data (TSSD) control.

quasisynchronization,
(RDNNs), time-space

I. INTRODUCTION

VER the past decades, neural networks have attracted

increasing attention because of their extensive appli-
cations in several areas, such as model identification,
stock market prediction, cryptography, and combinatorial
optimization [1]-[6]. Great efforts heretofore have been
devoted to investigate the dynamical properties of neural
networks, including stability, consensus, and dissipativity.
Among these, synchronization is one of the most important.
Since the finding of synchronization in chaotic dynamical
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systems [7], the synchronization of neural networks has been
extensively investigated [8]-[12]. For instance, in [9], synchro-
nization was studied for neural networks with state-dependent
parameters. In [10], by using state-feedback control, fixed-
time synchronization of neural networks was studied. In [11],
event-triggered synchronization was investigated for coupled
neural networks.

Under the assumption that all neurons of interest are
fully mixed, most neural networks are represented by ordi-
nary differential equations (ODEs). In these ODE models,
the neuron states are dependent only on time, that is, only
temporal evolution is considered, whereas spatial evolution
is ignored. Reaction—diffusion processes are ubiquitous in
a variety of technological applications, such as electric cir-
cuits, as well as in applications involving biological and
chemical systems [13]-[17]. For example, in [14], by design-
ing an image encryption algorithm, reaction—diffusion neural
networks (RDNNs) were used for secure image communi-
cation. In [15], to better protect and control a population,
RDNNs were used to model different population densities of
species. The RDNNSs introduced in [18] were applied to artifi-
cial locomotion [19]. Reaction—diffusion neural networks can
effectively approximate the temporal and spatial movements
of dynamical systems. They use the aforementioned ODE
neural-network models and can exhibit more unpredictable and
complex behavior. Recently, the synchronization of RDNNs
has attracted considerable attention, resulting in a massive
research output [20]-[24].

Various synchronization control strategies have been
proposed for RDNNSs, including feedback [25], adaptive [26],
and pinning control [27]. These approaches are imple-
mented by using continuous-time-feedback signals. However,
in practice, digital-feedback signals are required for con-
trol schemes [28]. Therefore, sampled-data control (SDC)
has attracted considerable attention [29]-[32]. It has more
advantages than the existing control schemes, including sim-
ple structure, convenient installation, high reliability, and
low cost. Recently, synchronization for RDNNs has been
extensively studied by using SDC [33]-[36]. For instance,
in [34], the exponential synchronization of fuzzy RDNNs was
investigated using fuzzy SDC. Wang et al. [35] studied the
synchronization problem for RDNNs through quantized SDC.
In [36], the synchronization of reaction—diffusion FitzHugh—
Nagumo systems was considered by using spatial SDC.
Furthermore, owing to network-bandwidth limitations, it is dif-
ficult to utilize a sophisticated security system for network
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transmission. Cybersecurity risks are inevitable in network
systems. Accordingly, cyberattacks have attracted consider-
able attention. For example, in [37], Denial-of-Service (DoS)
attacks, in which the adversary attempts to prevent the avail-
ability of transmitted data at their terminal points by launching
external jammers, were considered for cyber—physical systems.
In [38]-[42], various types of deception attacks were stud-
ied, including replay attacks, false-data injection attacks, and
data modification attacks. Unlike in DoS attacks, in deception
attacks, the transmitted data can reach their destination, but
the true values are replaced by false signals. Thus, deception
attacks are stealthy and dangerous. They may degrade system
performance, or even damage the system, by destroying the
integrity of data resources. To save network bandwidth and
improve the cybersecurity of communications, it is crucial to
design an effective SDC scheme for RDNNs under deception
attacks.

However, in existing studies on RDNNs [20]-[27],
[33]-[36], it is assumed that there is no deception attack.
Deception attacks have not been considered in the design of
controllers, particularly when the time—space SDC mechanism
is concurrently considered. Specifically, three difficulties are
involved.

1) Deception attacks preclude a complete synchronization
criterion for RDNNs. Then, the quasisynchronization
problem should be considered. Quasisynchronization is
a special type of synchronization pattern, in which all
systems are almost synchronized with a given synchro-
nization error [43].

2) Some existing approaches, such as the well-known
Halanay’s inequality [44], are useful for synchronization
but not for quasisynchronization.

3) Time-—space sampled-data (TSSD) signals and reaction—
diffusion processes make it difficult to derive quasisyn-
chronization criteria for RDNNs. To our knowledge, the
quasisynchronization problem under deception attacks
has not yet been investigated for RDNNs with time—
space sampled data.

Motivated by the above, in this study, we focus on the qua-
sisynchronization of RDNNs with time—space sampled data
under deception attacks. The main contributions are as follows.

1) A time-space SDC mechanism is considered for RDNNs
under deception attacks. This mechanism can save
network bandwidth and improve the cybersecurity of
communications.

2) Inspired by Halanay’s inequality [44], a new inequality
is proposed in Lemma 3. It is very helpful to solve the
quasisynchronization problem for dynamical systems.

3) The quasisynchronization problem for RDNNs is stud-
ied, and new quasisynchronization criteria are provided.

Notations: For a matrix X, Sym{X’} denotes the symmet-
ric matrix obtained as X + X7T. Let Z™" denote the set
of n x n real matrices, Z" be the n-dimensional Euclidean
space, col{--} be a column vector, Apjn(-) be the minimum
eigenvalue of a symmetric matrix, and diag{--} be a block-
diagonal matrix. For 9 (s, x) € %", the norm is denoted by
19 (s, )l = (X 9T (s, ) (s, )dx)1/?. 0, I, and 0y, stand
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for n x n zero matrices, n x n identity matrix, and n x m zero
matrices, respectively.

II. PROBLEM FORMULATION
Let us consider the following RDNN:

It x) 020 (1,x)
5 =D — O W)

+ Whf(8(t—1(1),x)) + T (@)

where t € [fp,+00), x € U £
is the space variable, and « and k are constants. D =
diag{d|,d>,...,dy}, di > 0 (i = 1,2,...,n) is the
transmission diffusion coefficient. C = diag{cy, c2, ..., cn},
with ¢; > 0. Wi = Wi ipaxn € Z" and Wp =
W2,idnxn € Z™" are the connection strength matrices.
9 (t, x) = col{t (¢, x), (¢, x), ..., U,(t, x)} is the state vec-
tor, where ¥;(¢, x) is the ith neuron in space x and at time ¢.
7(¢) is the delay, with 7(f) < u < 1 and 0 < t(f) < d*.
f@ (@, x) = col{fi(¥1(t, x)), ..., n(0,(t x))} is the neuron
activation function. 7 () = col{ J1(t), J2(?), ..., Tu(0)} is the
input vector.

The Dirichlet boundary condition and the initial condition
of system (1) are given as follows:

(D

Xk <= x < i}

P(t, k) =0t k) =0, 1€ [fy, +00)
9 (s + o, x) = ¢1(s,x) € C([—d*, 0] x U, 2")

@
3)

respectively, where C([—d*, 0] x U, Z") denotes the set of all
continuous real-valued functions from [—d*, 0] x U to £".
Regarding system (1) as the drive system, its response
system is as follows:
2
WD) _ pVED 60 + Wi ot x)
ot ax2
+ Wof(v(t — (), x) +UEt,x)+T@) &)

where v(t,k) = v(t,k) = 0, t € [fy, +00), v(s + o, x) =
P2(s,x) € C([—d*, 0] x B, Z"), and U(t,x) € Z" is the
control signal.

We define the error signal §(¢,x) = v(t,x) — 9(t,x) =
col{d1(t, x), 82(t, x), ..., 8,(t, x)}. Then, from (1) and (4), the
following error system is obtained:

2
000 _ p¥2ED o543+ Wig(t, )
at ox2
+ Whg(8(r — ©(1), x)) + U(1, x)

S

where 8(t, k) = 8(t,k) = 0, t € [ty, +00), §(s + 19, x) =
¢ (s,x) € C([—d*,0] x U,Z"), and g(8(t, x)) = f(v(t,x)) —
S@ (@, x)).

For t € [t,fy1) and x € [xp,X,11), We consider the
following TSSD controller:

U(t, x) = K8(x, Xp) 6
= _ Xptxp4 ( )
="
where f is from a time-sampling sequence #p < t; < --- <
fy < ---, Xxp is the space-sampling instant generated by divid-
ing U into m sampling intervals, with k = xp < x1 < -+ <
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Fig. 1. Structure of drive-response RDNNs subjected to deception attacks.

X =k, and K € ™" is the control gain to be designed.
The time-sampling interval h; satisfies the following:

O<h<hi<h (7)

where hy = ty+1 — tx, and h and h are positive constants.

Inspired by [40]-[42] and [45], when the network channel
between the sensor and the controller suffers bias-injection
attacks, the TSSD controller under deception attacks can be
modeled as follows:

Ut x) = F (tr, %) + U2, )

= /Cg(tk,)_cp), te [tk, tk+1), X € [xp,xp+1) (8)

where [ (tx, X,) € Z" is the injected attack signal sent by the
attackers. As the attack resources of the adversary are lim-
ited, the constraint ||f (#, xp)|| < 0 is required. Moreover,
S(tk,)"cp) = 8(tx, Xp) + G(tx, Xp) and F (t, %) = KG(t, Xp).
We note that the adversary’s injection signal F (%, X,) will
lead the control center to believe that the true network state is
St Xp). Fig. 1 shows the structure of drive-response systems
subjected to deception attacks.

Replacing U (¢, x) by U (t, x), and combining (5) and (8), we
obtain

a8(t, x)
ot

_ D828(t, x)
F)

o — 080 + Wig (1, )

+ Whg(8(t — t(1),x)) + K8 (k. Xp)
+ F(tk,)_cp), te [tk, t+1), X € [xp,xp+1)
8(t,k) =6(t, k) =0, t € [ty, +00)
8(s+10,x) = ¢(s,x) € C([-d*,0] x U, Z"). 9)

Remark 1: In practice, because of network-bandwidth lim-
itations, it is necessary to reduce the network transmission
signals. In SDC, signals are transmitted only at discrete-
sampling points and, thus, the number of transmission signals
can be effectively reduced. Moreover, it is well known that
deception attacks are universal and dangerous, as they are
intended to inject vicious data to degrade performance or even
damage the system. However, the results of most existing
studies on RDNNs [20]-[27], [33]-[36] were obtained under
the assumption that there is no deception attack and, thus,
they are invalid in the presence of such attacks. Hence, a
TSSD controller under deception attacks is considered in (8).
This controller can save network bandwidth and improve
communications security in RDNNs.
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Assumption 1 [25]: For any s1, s» € %, there exist scalars
[ and l;r such that f;(-) in (1) satisfies

1
I Sfi(Sl)—fi(Sz) <1,
51— 52

S| £ s, i=1,2,...,n.

Definition 1 [42]: Under deception attacks, the drive—
response RDNNs (1) and (4) are quasisynchronous in the
mean-square sense if there exists a bound ¢ > 0 such that
the error signal §(¢, x) converges to the set

& = [3¢. 0115, I = o}

as t — oo.

Lemma 1 [46]: For a continuously differentiable function
¢ [ly, Ip] = 2" and a matrix o/ = /T > 0, we have

1
Iy —1,
where T = olp) — ¢(y) and T =
@2/l = 1a) f;) @(s)ds.

Lemma 2 [47]: For B > 0 € Z™", and all functions

y € C(lk, k], Z™) with y(k) = 0 or y(k) = 0, the following
inequality holds:

[/
- [ @i <~ (e + 3T )
la

olp) + oly) —

Pe - 2
/ 0By < W
T

K

f ’ 31 (0) B3 (x)dx.

Furthermore, if y(k) = y(k) = 0, one has

7 A Y-
[ @@y < (Kn—f) [ w@iwas

Lemma 3: Letv >0, T > 0, and 0 < a < 2b be constants.
If there exists an absolutely continuous function V(#):[tgp —
7, 4+00) — [0, +00) satisfying

V() +2bV@) <a sup V(i+s)+v, t>1

—7<s<0
then
V() < e 22070 sup V(g +5) + v, 1> 1o
—7<s<0
where v = (v/[ae’®™ +2a —a]), and @ > 0O is the unique
positive solution of o = b — (ae®** /2).

Proof: Let z(f) = e~ 2¢(=10) SUp_, —s<o V(to + s) + v. One
has

V() < z(>1), telty —r1, 1] (10)
Thus, we should prove
V() <z(n), t= 1. (11

If (11) does not hold, by the continuity of V(¢), there exists
t* > 1y such that

V() < z(p),

V() = 2(%)

V(t*) = 2(t%).
It is noted that

z(1)

te[to—t.1%)
(12)

—20z(t) + 2av
—2bz(1) + ae®™ T z(t) + 2av
= —2bz(t) + az(t — 1) + ae®®*v — av + 2ab. (13)
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Then, from (13), one has

V(t*) < —2bV(t*) +a sup V(t* + s) +v
—7<5<0
= —2bz(t")4+a sup V(s)+v
t*—r<s<t*
< —2bz(t*) +a sup z(s) +v
tr—1r<s<t*

—2bz(1*) 4 a

sup e—2a(s—to)
tr—1T<s<t*

X sup V(t0+sl)+17}+v

—7<s51<0

—2bz(r*) + ae”2("=1=0) qup V(to + 5)

—1<s<0

+ av+v

—2bz(r*) + az(r* — ) +v

= 2(t*) — (ae2‘” —a+ 20()1_) +v
—()

which contradicts (12). Thus, (11) holds ]

Remark 2: Note that Lemma 3 is newly proposed and can
be effectively applied to the quasisynchronization problem for
dynamic systems. When v = 0, the inequality is reduced
to Halanay’s inequality [44] and, thus, Halanay’s inequal-
ity is a special case of Lemma 3. However, Halanay’s
inequality is not applicable to the quasisynchronization
problem. It should be noted that a new inequality was
proposed for quasisynchronization of delayed memristive neu-
ral networks in [48, Lemma 4]. By comparing Lemma 4
of [48] and Lemma 3 in this study, the following can be
concluded.

1) In [48, Lemma 4], V(f) is required to satisfy f/(t) <
=2bV () +aV(t—t(t))+v, where t(¢) < t. However, in
Lemma 3 of this study, V(¢) is required to satisfy f/(t) <
—=2bV(t)+asup_, ;<o V(t+s)+v. Itis clear that V() <
—2bV(1) + aV(t — 1(£)) 4+ v implies V(1) < —2bV(1) +
asup_, .o V(t +s) + v, but not conversely. Thus, the
required condition in Lemma 4 of [48] is stronger than
that in Lemma 3 of this study.

2) In [48, Lemma 4], vV = (v/2a), whereas in Lemma 3
of this study, v = (v/2b — a). The condition o = b —
(ae®@® /2) implies (v/2«) > (v/2b — a). Thus, Lemma
3 in this study provides a tighter quasisynchronization
error bound than that by Lemma 4 of [48].

Hence, the inequality in Lemma 3 of this study is less

conservative.

(14)

III. MAIN RESULTS

We study the quasisynchronization of RDNNs under decep-
tion attacks by using time—space SDC. We first derive suffi-
cient conditions for the drive—response systems (1) and (4)
to be quasisynchronized. Subsequently, we design the TSSD
controller (8). In addition, we study the exponential synchro-
nization problem for RDNNs in the absence of deception
attacks.
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A. Quasisynchronization for RDNNs Under Deception
Attacks

Herein, a new quasisynchronization criterion is derived

for RDNNs by selecting an appropriate Lyapunov—
Krasovskii functional (LKF). Let o(f) = t — K,
Lt = diag{lf,1,....If}, L= = diagll{,5,....I;}
Zi = [Oni-vn In  Opg—inl,G = 1,...,7), and
n(t,x) = col{d(t,x), 8@, x), gt x), (3, x)/01),

1/t — 1) fr; 8(s, x)ds, 8(t — t(1),x), g6t — t(r),x))}.

Theorem 1: Let scalars h > 0, h > 0, p >0 60 >0,
0 < a < 2a < 2¢,and m* > 0 be given. If there exist diagonal
matrices I'; > 0 € Z"*"(i = 1, 2), matrices H > 0 € Z"*",
H>m* L, M>0eRZ"™", P>0eZ™", Q>0eR"",
R>0eZ™", S>0e ™", T,>0e Z™"(i=1,2),
and any matrices N' € Z"*", Y| € R Y, e P for
any hy € {h, h} satisfying N'D > 0 and

_;pl" /Y;.J <0 (15)
[—aND WNK)T

" _,;:_227.1 } <0 (16)
W (0: Iy, 0) < 0 17)
(VRO (I DY (I3 Iy,

* —ez:hp U <0.
| * * —%P

(18)

Then, the drive-response RDNNs (1) and (4) are quasisyn-
chronous in the mean-square sense, and the error signal § (¢, x)
converges to the set

& = {s 08¢ 01 < o} (19)

where ¢ = (m/m"(1 + [1/1 —e7fh), &€ = « —
@e®7/2), m = (pb*/ae®T +2£ —a), V¥, o) =
W(e; hy, o (1)) — aI{HIQ, and hy = maxo<p<m—1{Xp+1 — Xp},
with W (¢; hg, o (1)) = Z?:l W (¢ hg, o(t)) and
W (5 g, o (1))
= 20Z] HT| + Sym{T{ HI4} + I MI, + I} QT3
— (I = e " I MTIs — (1 — e 1] QT
2 _ 2
+ ((O_‘—G)ZI{NDII + (e — o (D)II PLy
K—K
_2ah _ T
+ o[zl P[] 7]
+ 3w 2o [2], , TN\YIP- W [2!, 2F, 1]
_2ah T
— e 2hsym| @ - [zl ]}
—_ 3e—2°"35ym{(11 + Ty — 2T5) TV, [27, IF 7T ]T}
+ 20(l — o ()T — I)"R(T1 — T)
- (I -D)'RET - D)
+ (e — o (1)Sym{(Zy — Tn)" RZ4}

ah?
+ ng STs + (b — 20 (1))IL STs
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+ (e — o ())Sym{Zd S(—T5 + 1))}
W (45 hg, o (1))
= Sym{ (I3 — L_Il)Trl (L+Il - 13)}

+ Sym{ (T — L™ Te) T (LM T6 — 17)}
W3 (1; hg, 0 (1))
= Sym{(Z; + €Z{ )N (~Z4 — CI; + W\ T3 + WrT7)}
+ Sym{(Z{ + €Z[)NKL} + (Zs + €1) T (Zs + €T1)
+ (Ts+ eI T2 (Ts + €Ty).

Proof: See the Appendix. |

Remark 3: As is well known, by Lyapunov stability the-
ory, constructing a suitable LKF for deriving synchroniza-
tion criteria is crucial. In this study, (29) is constructed as
the LKF, where V;(#) is generally needed, V,(f) is con-
structed to capture the information of the activation func-
tion g(8(-,x)), and V3(¢) is used to counteract the term
22;:(} f;;ﬂ“(asT(z, x)/ADND(38(t, x)/9x%)dx in (44). For
SDC systems, sampling information is useful in reducing the
conservatism of synchronization criteria. In this regard, the
sawtooth structure terms V;(¢) (i = 4,5, 6) are introduced to
capture sampling information.

Remark 4: In the defect of deception attacks, obtaining a
complete synchronization criterion for RDNNs is impossible.
Furthermore, to our knowledge, there is no result on the qua-
sisynchronization of RDNNs with time—space sampled data
under deception attacks. This issue is addressed in the present
study. By constructing the LKF in (29) and using the new
inequality in Lemma 3, a novel quasisynchronization criterion
is established for RDNNs in Theorem 1.

B. Time-Space Sampled-Data Controller Design

Note that Theorem 1 is not linear matrix inequalities
(LMIs), as the terms (NK)T and Sym{(Z] + €Z] )N'KI,} are
not linear. The TSSD controller cannot be directly obtained by
the conditions in Theorem 1. Rather, the TSSD controller is
designed in the following theorem by converting the nonlinear
inequalities of Theorem 1 into linear inequalities.

Theorem 2: Let scalars h > 0, h > 0, p >0 60 >0,
0 < a < 2a < 2¢,and m* > 0 be given. If there exist diagonal
matrices I'; > 0 € Z""(i = 1, 2), matrices H > 0 € Z"*",
H>=ml,, M>0eZ"™", P>0eZ%™", Q>0¢ecR"",
R>0eZ™",S§>0eZ™",Ti>0eZ™"i=1,2),
and any matrices N' € Z"", K* € ™", V1 € B,
V> € B3, for any hy € {h, h} satisfying N'D > 0 and

;pln /i/;_z} <0 (20)
r —aND KT

. 2 Tl} <0 @)
W (0; by, 0) < 0 22)
CW s by, ) [ZD IV (28 2 VT

* —EZhP 0 ) <0
[« . 55 P

(23)
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then the drive-response RDNNs (1) and (4) are qua-
sisynchronous in the mean-square sense, and the
error signal §(¢, x) converges  to the set & in (19),
where W**(i; hi,0(t) = VY h,o0@) — aIzT’HIg and
V(s e, 0 (1) = Yiy Vi@ by, 0 (1) + B33 I, 0 (1)), with
U365, 0 (1))
= Sym{(Z} + €Z[ )N (~Z4 — CT; + Wi T3 + WoI1)}
+ Sym{(Z{ + €I )K* Do} + (Ta + €T) " Ti (T4 + €T1)
+ (s + €I) T2 (Tu + €I)

and other notations as in Theorem 1. Furthermore, the TSSD
controller gain for (8) is given as follows:

K=N71K* (24)
Proof: Let NK = K*. Then, Theorem 1 implies
that (20)—(23) hold. The proof is completed. |

C. Exponential Synchronization for RDNNs

In defect of deception attacks, the error system (9) is
reduced to

251, %)
ar

2
Da 8(2 ) —C8(t, x) + Wi g(5(t, x))
ox

+ Whg(8(t — t(1),x)) + K8 (1, Xp)
te [tk, lk+1), X € [x,,,xp+1)
8(t,k) =6(t, k) =0, t € [ty, +00)
8(s+10,%) = ¢(s,x) € C([-d*,0] x B, Z").

Let m* = Apin(H) and 6 = 0. As in the proof of
Theorem 1, we have the exponential synchronization condition
for RDNNs (1) and (4) as follows.

Corollary 1: Let scalars h > O, h>0and 0 < a <
20 < 2¢ be given. The drive-response RDNNs (1) and (4)
are exponentially synchronized if there exist diagonal matrices
[i>0e2™™(i=1,2), matrices H >0e€ Z"™", M >0¢
RPN P>0eZ", Q>0eZ "N R>0e 2", S >
0e Z™", Ti >0¢c Z"™", and any matrices N' € Z"*",
K* e Z™", Y1 € B, Yy € Z™3, for any hy € {h, h)
satisfying N'D > 0, (21), and

(25)

U (0; g, 0) < 0 (26)
TR VA N VAR RV AN
x —<p 0o <0
* * —%’P
(27)

where W™ (;; g, 0 () = Wk, 0() — aZIHI, and
W@ he, 0 (1) = 3y Wi by, 0 (0) + U35 b, 0 (1), with
U365 e, 0 (1)
= Sym{(Z] + €Z[ )N (=Zs — CT; + WiT3 + WoT1))}
+ Sym{(Z] + €I])K* T2} + (Ts + €1) " Ti(Zs + €11)

and other notations as in Theorem 1. Furthermore, the TSSD
controller gain for (6) is given as follows:

K=N"1K" (28)
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Remark 5: Tt should be noted that the quasisynchronization
criterion in Theorem 2 and the synchronization criterion in
Corollary 1 are LMIs. In LMI conditions, the number of deci-
sion variables (NDVs) and the dimensions of the LMIs are
important factors affecting the complexity of computing [49].
In general, the NDV is a measure of the complexity of com-
puting. The NDVs in Theorem 2 and Corollary 1 are 111 46n
and 10.5n> + 5.5n, respectively. When the size of the LMIs
increases, the computational complexity may be a problem
because of limited computational resources. Thus, for high-
dimensional LMI conditions, calculation complexity should be
maintained at a reasonable level.

Remark 6: The proposed sufficient conditions in Theorem
2 and Corollary 1 are in the form of LMIs and can be verified
through the following steps.

Step I: For given 0 < a < 2« < 2¢, m* > 0, p > 0, and
6 > 0, specify the ranges & in increments of Ak > 0. Set
h = Ah.

Step 2: Use MATLAB LMI Toolbox to solve the LMIs in
Theorem 2 with specified h.

Step 3: If there is a feasible solution, let h = h+ Ah and
carry out step 2; if not, carry out step 4.

Step 4: If h = Ah, output “No feasible solutions.” Then,
reselect 0 < a < 20 < 2¢, m* >0, p > 0, and 6 > 0, and
carry out step 1; if not, carry out step 5.

Step 5: Output h = h — Ah, which is the maximum time-
sampling interval (MTSI). With this 7 and using MATLAB
LMI Toolbox to solve the LMIs in Theorem 2, one gets the
feasible matrices. Then, from (24), we obtain the time—space
SDC gains K.

The LMI conditions of Corollary 1 can be verified similarly.

IV. SIMULATION EXAMPLES

Here, two examples are presented to demonstrate the use-
fulness of the theoretical results.

Example 1: Let us consider the RDNN (1) with parameters
as follows:

0.6 0
D:[o 0.6}’ C=bh

2 -0l -1.5 —0.1
W= [—5 3 ] Wa = [—0.2 —2.5}
fi@i(t, x)) = tanh(@;(t,x)) (i=1,2)
O={-1=<x=<5}, =1, JO=0.
It is clear that /] = IJ = 1 and [[ = I; = 0. In this

example, we take o = 0.6, a = 0.9956, ¢ = 7, and the initial
condition of system (1) is ¢11(s, x) = 0.5 cos(w(x — 2)/6) and
d12(s, x) = —0.9 cos( (x — 2)/6). The initial condition of the
response RDNN (4) is ¢»1 (s, x) = 0.475 cos(m(x — 2)/6) and
$22(s,x) = —0.945 cos(m(x — 2)/6); moreover, (4) has the
same structure as system (1).

The following two cases are now discussed.

Case 1: Quasisynchronization for RDNNs (1) and (4) under
deception attacks.

Case 2: Exponential synchronization for RDNNs (1) and (4)
without deception attacks.
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Fig. 2. Trajectories of uncontrolled states and attack signal: (a) 81 (z, x),
(b) 82, %), () 18z, x)|I, and (d) attack signal F ;(tg, Xp).

In case 1, we set the attack signal F;(&%,x,) =
(9/2[ 3)sin( +X,) (i = 1,2) and select 6 = 0.1, p = 1,
m* =3, hy = 0.1, and h = h = 0.0438. When U/(z, x) = 0, the
trajectories of 81 (¢, x) and 8, (¢, x), and the error signal ||§(¢, x) ||
are shown in Fig. 2(a)-(c). The dynamical behavior of the
attack signal [ ;(#, Xp) is shown in Fig. 2(d). It can be seen
from Fig. 2(a)—(c) that, under deception attacks, the quasisyn-
chronization of systems (1) and (4) cannot be accomplished
without control input.

Now, we check the effectiveness of Theorem 2. Following
the steps in Remark 6, one obtains the following feasible
solutions (to save space, some of the matrices are not listed):

2 = 3.4370  0.1399 M= 4.5530 1.2800
T 10.1399  3.0455 | ~11.2800 0.7502 |

N = 0.4164  —0.0470 o — —4.7048  0.2592
~ |—-0.0060 03104 | T 0.7182 —4.4038 |

Then, from (24),
obtained as follows:

—11.0625
k= [ 2.1014

the desired time-space SDC gain is

—0.9801
—14.2061

With the above parameters, Fig. 3 shows the controlled
time—space behavior of states §;(f, x) (i = 1, 2) and the TSSD
controller ¢ (¢, x). The evolution of the controlled error signal
I6(¢, x)|| is plotted in Fig. 4, where it can be seen that the
drive-response RDNNs (1) and (4) are quasisynchronous in
the mean-square sense, with the error signal §(¢, x) converg-
ing to the set & = {8(t, x)|||8(t, x)||*> < 3.7483}. Thus, the
effectiveness of Theorem 2 is verified.

Then, we demonstrate the effect of deception attacks on the
quasisynchronization of RDNNs (1) and (4). For various 6,
the corresponding quasisynchronization bounds o are given
in Table I, where it can be seen that o increases with 6.
This implies that deception attacks affect the dynamics of the
considered RDNNSs. Moreover, for different values of 6, the
evolution of ||8(z, x)|| is shown in Fig. 5.

In case 2, we take & = 0. For various space-sampling
intervals &, the corresponding MTSI 4 is listed in Table II.
From Table II, one finds that as h increases, i decreases.
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Fig. 3. Behavior of controlled states for error system (5) and the cor-
responding TSSD controller: (a) §1(¢,x), (b) (¢, x), (c¢) U;(t x), and
(@) Up (1, %).
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Fig. 4. Evolution of error signal [|5(z, x)|| with U(¢, x).
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Fig. 5. Evolution of error signal ||§(z, x)|| for various 6 of the deception
attacks.

TABLE I
QUASISYNCHRONIZATION BOUND o FOR VARIOUS 6 OF THE
DECEPTION ATTACKS IN CASE 1

0 0.01 0.03 0.05 0.07 0.1
0 0.0375 0.3373 09371 1.8367  3.7483
TABLE I

MTSI & FOR VARIOUS SPACE-SAMPLING INTERVALS fzx IN CASE 2

ha 0.1
h 0.0690

0.12
0.0624

0.15
0.0499

0.17 0.2
0.0397  0.0203

When A, = 0.2 and i = 0.0203, by Corollary 1, one obtains
the following time—space SDC gain:

= —-9.4739  —1.3766
| 1.8696  —11.9591 |

Without control input, the state trajectory of the error sig-
nal ||§(¢, x)|| of system (25) is shown in Fig. 6 (a). Then,
with the above parameters and control gain, the evolution of
I6(¢, x)|| is shown in Fig. 6 (b), where it is seen that the error

7839

]
008|
10
007] B B
H B A 008] B B
= = 00s]
Z g z
E = 004
4 003
02|
2
001
0 5 10 15 20 25 30 35 40 45 50 0 05 1 15 2 25 @ a5 4 45
ime ime

(a) (b)

Fig. 6. Evolution of error signal ||5(¢, x)|| of system (25): (a) [|5(z, x)|| without
control input and (b) ||§(¢, x)|| with TSSD controller U (z, x).

‘‘‘‘‘

(@) (b)

Fig. 7. Evolution of error signal ||8(¢, x)||: (a) ||8(z, x)|| without control input
and (b) ||8(¢, x)|| with controller (¢, x).

signal ||§(z, x)|| converges to zero only in the presence of the
TSSD controller (¢, x). This indicates the effectiveness of
Corollary 1.

Example 2: We consider the 3-D RDNN (1) with

1+% 20  0.001
D=001 Wi=| 01 1+Z 0001
3 —056 —0.12
—13¥22 01 —0.001
C=0h Wa=| o1  —13¥x 001
2 —0.85  0.02

fi@it,x) = (9@, x) + 1] = 9@, x) = 1|I/2) =
1,2,3),0={x|-05<x<05},t(t) =09,and J(r) =0. It
is clear that l;” =1landl; =0 (i =1,2,3). The attack signal
is set as [ (g, Xp) = % sin(te + %) (i = 1,3), Fa(ty, Xp) =
% cos(tx + Xp). The initial conditions of systems (1) and (4)
are @11(s,x) = L.5T(x), dr2(s,x) = —2T(x), P13(s,x) =
0.57(x), and ¢ (s, x) = 1.425T(x), ¢22(s, x) = —3T(x), and
P23(s, x) = 0.55T(x), respectively, where J(x) = cos x.

Weseta =14, a=2.7799, ¢ = 11,6 = 0.002, p = 1,
m* =3, izx =0.02, and h = h = 0.0043. By Theorem 2, we
obtain the desired time—space SDC gain as follows:

—25.3568 —10.3852 1.9627
K= 2.5893 —17.2092  —-2.4012
1.8349 —-1.2973  —19.4113

The behavior of ||§(, x)|| without control input and with the
TSSD controller U (¢, x) is shown in Fig. 7. From Fig. 7(a), it
can be seen that the trajectory of the error signal ||5(¢, x)| is
divergent if there is no control input. In contrast, Fig. 7(b)
shows that the trajectory of §(¢,x) converges to the set
S = {8(t,x)||18(t,x)|> < 1.5413}. This implies that qua-
sisynchronization of the drive-response RDNNs (1) and (4)
is realized in the mean-square sense.
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V. CONCLUSION

In this study, we studied the quasisynchronization problem
for RDNNs with TSSD under deception attacks. By proposing
a new inequality and an SDC mechanism subjected to
deception attacks, and by selecting an appropriate LKF, we
derived new quasisynchronization criteria for RDNNs. The
new inequality is highly effective in the quasisynchroniza-
tion problem for dynamical systems. The SDC mechanism
is more applicable, as it can save network bandwidth and
improve the cybersecurity of communications, and the desired
SDC gain can be obtained by solving LMIs. Furthermore,
we investigated the exponential synchronization of RDNNs
with TSSD in the absence of deception attacks. In the end,
we presented two examples to verify the usefulness of our
theoretical results. In future work, state-dependent deception
attacks, stochastic deception attacks, and arbitrary deception
attacks will be considered for networked control systems [50],
and quasisynchronization will be discussed for multiagent
systems [51].

APPENDIX
PROOF OF THEOREM 1

For t € [, tx+1), the LKF for system (9) is selected as
follows:

6
V@) =) Vil (29)

i=1

where

Vi) = / ) 8T (1, x)HS (¢, x)dx

K pt
W(t) = f / D [87 (5, x) M5 (s, x)
Kk Jt—t(1)

+ g" (8(s, x)) Qg(8(s. x)]dsdx

g asT
Vs(0) =/ as” (t, x)N,DE)S(t, x)dx
P ax ax

ot 387 (s,x) _38(s,
Va(t) = (hy — o (1)) / / 26D (s x)P (s, 1) dsdx
« Ju as as

Vs(0) = (hi — U(I))/ ¢l (6, YRE1 (1, x)dx

Vo(t) = (g — o (1)o (t) / &5 (1, X)Sa(t, x)dx

with  ¢1(z, x) =

1/t —t) ftié(s, x)ds. It is noted that V;(r) (i =

vanishes before and after ;. Thus, V(¢) is continuous.
Calculating V(1) along the trajectories of system (9) yields

8(,x) — 8(tk,x) and O(t,x) =
4,5,6)

a6 (z x)

vl(t)=2f 8T, )H (30)

V() < —2aWh (1) + / 8T (1, x) M8 (2, x)dx

K

— (1 — p)e 2t /K 8Tt — (), OMS(t — T(1), x)dx
B 31)
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- —y,)e”“’f g —1(1.0)Q

g7 (8(1,x)) Qg(8(t, x))dx
(32)
(33)

X g(8(t—r(t),x))dx—|—/K

V3(f) = 2[

3287 (1, x) 38(1, x)
dx
0x0t ox
5T(s X) 88(5 x)

V4(t) < — —20[]1/ f
as

T
+ (i —o(t))/ po (. x)PE)S;t x)d —2aV4(t) (34)
Vs(t) = — / ¢ (1, 0RE (8, x)dx
) (t x)

(35)

+2(h — o (1)) [ ¢, 0R
Vo(t) = (g — 20 (1)) / & (1, 0S¢ (1, x)dx

+ 207k —0(1))/ & (6, 0)S[8(1, ) — ta(t, M)ldx.  (36)

Lemma 1 and (34) imply

2 /E /’ 38T (s, SPSLICEIN
« Ju as as

e*ZaiL

< —

A

[¢] (¢, 0P (2, x)

+ 3¢ (t, )PE3(t, x)|dx (37)

where ¢3(t, x) = (¢, x) + 6 (tg, x) — 282(, X).

Let &4(t,x) = -col{é(t,x), 8(tx,x)} and ¢s(f,x) =
col{8(t,x), 8(tx,x), ¢2(t, x)}. For any matrices Yy € "<
and Y, € #™3", the following inequalities hold:

—(Pcl(r X) — o (OV18a(t, )P

o (1)
x (P& (t,x) — o (D124, %)) > 0 (38)
and
7(%0 ,x) — o (O)IWts(t,x) P!
x (P&t x) — o (D¢t x)) > 0 39)

from which, one obtains

8—201}_1
o(t)
< —2¢ 20k f ¢ (t, )V1¢a(t, x)dx

§1T(t, xX)Pei(t, x)dx

+ 672(117!0, (I)/ Cf(t’ )C)lelpilyl La(t, x)dx  (40)

and

367201%

— pores /K§3T(t,x)73§3(t,x)dx

620" f ' el (1, )5 (1, x)dx

IA



ZHANG et al.: QUASISYNCHRONIZATION OF RDNNs UNDER DECEPTION ATTACKS

+ 3¢ 2N (p) f @, »)VIP Vags(t, x)dx. (41)

By Assumption 1, we have for any diagonal matrices I'; >
0eZ2"™"(i=1,2) that

2 / ’ (370, ) T3t (¢, 0dx > 0 (42)
2 / K(J;(t, 0) oI (1, )dx > 0 (43)
where 17 (1, x) = g(8(t, x)) — L=8(t, x), T* (1, x) = L*8(1, x) —

g(8(t, x)), I (t,x) = g(8(t — t(#),x)) — L= 8(t — 7(£), x), and
IH(t,x) =LT8( — (1), x) — g(8(t — 7(1), x)).

It is noted that 8(, Xp) = 8(t, x) — f)_j;)[aa(tk, y)]/oy)dy.
For matrix N' > 0 € Z™*", one has from system (9) that

m—1 Xptl T
o:zZ/ " <88(att’x) +68(t,x)> N
p=0""

2
§ [_ 000 | pID st )+ Wig(8(.x)
9t 0x2

+ Whg(8(t — 7(1), x)) + Kb(t, x)

* 98 (1, _
— IC/ Mdy + F(tk,xp):|dx.
% oy
D

Using the Dirichlet boundary condition (5), integration by
parts, and (44), we obtain

1 asT(z x) 382(t, x)
2 ND d
z /x,, D ax

38T (1, x) 982(t, x)

=2 D d
/ rrai vt
8287 (1, x) 38(¢, x)
dx

d0xot 0x

(44)

K
=_2/
K

(45)

Similarly

2€ Z fpo T,
=ze/ 8T, )ND

T
- —26[ 98 (t’x)NDaé(t’x)dx. (46)
P dx dax

2
)ND88 (t, x) dr

52
(t ») dx

For any 71 > 0 € Z"™", from Lemma 2, we have
e X 98(tr, )
) Qf tNIC/ Y 4ya
b3 / o [0

m—1

< Z/ QT(r)ﬂQ(r)dx+Zf

p=0

T 05tk v)
([ 570)
F m—1 % Xpi1
=/ QT(t)ﬂQ(t)dx—l-Z(/ +f )
K p=0 Xp Xp

Xp

WKW [ 86({:’;’7/)41)/1|dx

7841

T
[y ) wvorr e [F R ay
Xp 8)/ Xp 8)/

< / QT TiQdx

h2 88(tk,x) 85(tk,x)

72 J,
where SZ(t) = ([06(t, x)]/01) + €5(t, x).

Similarly, for 7, > 0 € Z"*", we obtain that

— WK INE——= 47)

m—1 Xp
22 f - QTONT (ty, Xp)dx

< / QTR0

+ / FT e, X)) NTT N (10, %p)dx. (48)

By Lemma 2, (46) implies that

K T
2aV3(f) — 26f 93 X)N'Daé(t’ x)dx
« dx dx

ok oqsT
_E)/ 987 (2) 9800 )
« ox

ox

2
<2(oe €)mw

/ ’ 8T (t, )N'DS (1, x)dx. (49)

(k—x)* Je

Applying the Schur complement to (15), we obtain
NTTIN < pl,. (50)

Then, from (48), (50), and ||F (t, Xp)|l < €, one obtains

fFT(tk,xp)NTT;‘NF(zk,;‘c,,)dx5p92. (51)

Combining (30)—(51), we obtain for #; < < fy4+1

V@) —a sup V(t+s)+ 20V

—17<s<0

< /K 0" (6, ) (15 i, 0 ()0 (2, X)dx + pb”

— = WKTTINKE

2 aa(zk, x) RICEIN
72 0x

K

— av(n)
< / T OW L i 0 ()0 D + pb?

ho[F as(rk, x)
)
—aV (tk) - an ()

< f 0 (6, 00 (1 gy & (1)1, D) + pb?

(NIC)TT‘IN/CB‘S(;’;’ D i

i 72
+ / 98 (1, x) [—aND+}lX2(NIC)T7’l_]NIC:| 030tk X)
p a b4 dx

X

—o(t)

(g h— Iy
_‘/; (tx)|:h h< I

"(’)xv “(1: h, @) }Z‘_h (h"(t)xp*(l h,0)

V(15 h, 0)
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n O'El)
h

w*(1; h, E)ﬂn(z, x)dx + p6>

K 72
+ f 33, x) |:—a/\/'D + h’;(/\/’IC)TTI"NIC} 9.2
i ox T x

(52)

Then, applying the Schur complement to (16)—(18), one
obtains from (52) that

V(t) —a sup V(E+s)+2aV() < ,002

—7<5<0

te <t < tigq. (53)

Let © = min{h/2,d*}. By Lemma 3, for ty < t < f3y1,
k=0,1,2,..., (53) yields

V() < e X0 sup V(e +5) +m (54)
—7<s<0
which implies
sup V(s) < sup e 6
—T<s<fty I —T<S=<I}
X sup V(s1) +m
th—1 —T=S1=tg—1

— ¢ 26 t—1r—1—7)

sup V(s1) +m. (55)

te—1—T=81<tk—1

Substituting (55) into (54) yields

V(@) < e X070 sup V(sy)
Te—1—T=851=tk—1
+ ,;lefzf(f*tk) +m
< ¢~ H(—1t2=21) sup V(s1)
Tk—2—T=S1=<tk—2
+ ﬁle_zs(f_tkfl_f) + n-w—ZS(t—tk) + m
<...
< e %=k qup V()
Hh—T=<s51=<0h
+ e 2650-n—Gk=D1) 4 4 52—l —T)
+ ,;le—2é(t—tk) +m
< e E=kD) gy Y(sy)
fp—T=51=1
+ e BEDETD oy e 8D gy
< e %=k qup V()
to—1<s1=fo
m
+ ———+m
1 — ¢ 26(i—1)
1
< eS0T sup  V(s) + ﬁz(l + —h>. (56)
to—T<s<tg 1 — etk
As H > m*I,, we have from (29)
V() = m*||8 (@, x)|1%. (57)
From (56) and (57), one has
15, )| < e=50-10 Puzrzszn VO
=< e
m 1 —1 58
+ - + | — otk (58)
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implying that the error signal (¢, x) converges to

6= {5(fax)|||5(t, W|* < ﬂ(l + ;_)} (59
m* 1 —e 5k

Thus, by Definition 1, systems (1) and (4) are quasisyn-
chronous in the mean-square sense.

REFERENCES

[1]1 Z. Zhou and C. Gao, Neural Network With Applications. Beijing, China:
Tsinghua Univ. Press, 2004.

[2] R. Saravanakumar, G. Rajchakit, C. Ahn, and H. Karimi, “Exponential
stability, passivity, and dissipativity analysis of generalized neural
networks with mixed time-varying delays,” IEEE Trans. Syst., Man,
Cybern., Syst., vol. 49, no. 2, pp. 395-405, Feb. 2019.

[3] L. Wang, Z. Zeng, and M.-F. Ge, “A disturbance rejection framework
for finite-time and fixed-time stabilization of delayed memristive neu-
ral networks,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 51, no. 2,
pp. 905-915, Feb. 2021.

[4] H. Shen, S. Jiao, J. Cao, and T. Huang, “An improved result on sampled-
data synchronization of Markov jump delayed neural networks,” IEEE
Trans. Syst., Man, Cybern., Syst., vol. 51, no. 6, pp. 3608-3616,
Jun. 2021.

[5]1 X. Peng and H. Wu, “Non-fragile robust finite-time stabilization and Hno
performance analysis for fractional-order delayed neural networks with
discontinuous activations under the asynchronous switching,” Neural
Comput. Appl., vol. 32, no. 8, pp. 4045-4071, 2020.

[6] J. H. Park, H. Shen, X. Chang, and T. Lee, Recent Advances in Control
and Filtering of Dynamic Systems with Constrained Signals. Cham,
Switzerland: Springer, 2018.

[71 L. M. Pecora and T. L. Carroll, “Synchronization in chaotic systems,”
Phys. Rev. Lett., vol. 64, no. 8, pp. 821-824, 1990.

[8] U. Parlitz, L. O. Chua, L. Kocarev, K. S. Halle, and A. Shang,
“Transmission of digital signals by chaotic synchronization,” Int. J.
Bifurcation Chaos, vol. 2, no. 4, pp. 973-977, 1992.

[9] J. Zhang, X. Zhao, and J. Huang, “Synchronization control of neural
networks with state-dependent coefficient matrices,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 27, no. 11, pp. 2440-2447, Nov. 2016.

[10] W. Zhao and H. Wu, “Fixed-time synchronization of semi-Markovian
jumping neural networks with time-varying delays,” Adv. Differ. Equ.,
vol. 213, pp. 1-21, Jun. 2018.

[11] J. Liu, H. Wu, and J. Cao, “Event-triggered synchronization in fixed
time for semi-Markov switching dynamical complex networks with
multiple weights and discontinuous nonlinearity,” Commun. Nonlinear
Sci. Numer. Simulat., vol. 90, Nov. 2020, Art. no. 105400.

[12] Y. Li, B. Luo, D. Liu, Y. Yang, and Z. Yang, “Robust exponential
synchronization for memristor neural networks with nonidentical char-
acteristics by pinning control,” IEEE Trans. Syst., Man, Cybern., Syst.,
vol. 51, no. 3, pp. 1966-1980, Mar. 2021.

[13] Y. Sheng, H. Zhang, and Z. Zeng, “Stability and robust stability of
stochastic reaction—diffusion neural networks with infinite discrete and
distributed delays,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 50,
no. 5, pp. 1721-1732, May 2020.

[14] L. Shanmugam, P. Mani, R. Rajan, and Y. H. Joo, “Adaptive syn-
chronization of reaction—diffusion neural networks and its applica-
tion to secure communication,” IEEE Trans. Cybern., vol. 50, no. 3,
pp. 911-922, Mar. 2020.

[15] J. D. Murray, Mathematical
Springer-Verlag, 1989.

[16] J.-L. Wang, H.-N. Wu, T. Huang, S.-Y. Ren, and J. Wu, “Passivity
analysis of coupled reaction—diffusion neural networks with Dirichlet
boundary conditions,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 47,
no. 8, pp. 2148-2159, Aug. 2017.

[17] A. Selivanov and E. Fridman, “Boundary observers for a reaction—
diffusion system under time-delayed and sampled-data measurements,”
IEEE Trans. Autom. Control, vol. 64, no. 8, pp. 3385-3390, Aug. 2019.

[18] L. O. Chua, M. Hasler, G. S. Moschytz, and J. Neirynck, “Autonomous
cellular neural networks: A unified paradigm for pattern formation and
active wave propagation,” IEEE Trans. Circuits Syst. I, Fundam. Theory
Appl., vol. 42, no. 10, pp. 559-511, Oct. 1995.

[19] P. Arena, L. Fortuna, and M. Branciforte, “Reaction—diffusion CNN
algorithms to generate and control artificial locomotion,” IEEE Trans.
Circuits Syst. I, Fundam. Theory Appl., vol. 46, no. 2, pp. 253-260,
Feb. 1999.

Biology. New York, NY, USA:



ZHANG et al.: QUASISYNCHRONIZATION OF RDNNs UNDER DECEPTION ATTACKS

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

J.-L. Wang, X.-X. Zhang, H.-N. Wu, T. Huang, and Q. Wang, “Finite-
time passivity and synchronization of coupled reaction—diffusion neural
networks with multiple weights,” IEEE Trans. Cybern., vol. 49, no. 9,
pp. 3385-3397, Sep. 2019.

X. Song, J. Man, C. K. Ahn, and S. Song, “Finite-time dissipative syn-
chronization for Markovian jump generalized inertial neural networks
with reaction—diffusion terms,” IEEE Trans. Syst., Man, Cybern., Syst.,
vol. 51, no. 6, pp. 3650-3661, Jun. 2021.

R. Zhang, D. Zeng, J. H. Park, Y. Liu, and X. Xie, “Adaptive
event-triggered synchronization of reaction—diffusion neural networks,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 32, no. 8, pp. 3723-3735,
Aug. 2021.

D. Zeng, R. Zhang, J. H. Park, Z. Pu, and Y. Liu, “Pinning synchro-
nization of directed coupled reaction—diffusion neural networks with
sampled-data communications,” IEEE Trans. Neural Netw. Learn. Syst.,
vol. 31, no. 6, pp. 2092-2103, Jun. 2020.

H. Chen, P. Shi, and C.-C. Lim, “Pinning impulsive synchronization for
stochastic reaction—diffusion dynamical networks with delay,” Neural
Netw., vol. 106, pp. 281-293, Oct. 2018.

X. Yang, Q. Song, J. Cao, and J. Lu, “Synchronization of coupled
Markovian reaction—diffusion neural networks with proportional delays
via quantized control,” IEEE Trans. Neural Netw. Learn. Syst., vol. 30,
no. 3, pp. 951-958, Mar. 2019.

Y. Lv, C. Hu, J. Yu, H. Jiang, and T. Huang, “Edge-based fractional-
order adaptive strategies for synchronization of fractional-order coupled
networks with reaction—diffusion terms,” IEEE Trans. Cybern., vol. 50,
no. 4, pp. 1582-1594, Apr. 2020.

Z. Guo, S. Wang, and J. Wang, “Global exponential synchronization
of coupled delayed memristive neural networks with reaction—diffusion
terms via distributed pinning controls,” IEEE Trans. Neural Netw. Learn.
Syst., vol. 32, no. 1, pp. 105-116, Jan. 2021.

Y. Liu, B.-Z. Guo, J. H. Park, and S.-M. Lee, “Nonfragile exponential
synchronization of delayed complex dynamical networks with memory
sampled-data control,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29,
no. 1, pp. 118-128, Jan. 2018.

E. Fridman, “A refined input delay approach to sampled-data control,”
Automatica, vol. 26, no. 2, pp. 421-427, Feb. 2010.

T. H. Lee and J. H. Park, “Improved criteria for sampled-data synchro-
nization of chaotic Lur’e systems using two new approaches,” Nonlinear
Anal. Hybrid Syst., vol. 24, pp. 132-145, May 2017.

H. K. Lam and F. H. F. Leung, “Sampled-data fuzzy controller for
time-delay nonlinear systems: Fuzzy-model-based LMI approach,” IEEE
Trans. Syst., Man, Cybern. B, Cybern., vol. 37, no. 3, pp. 617-629,
Jun. 2007.

H. K. Lam and F. H. F. Leung, “Design and stabilization of sampled-
data neural-network-based control systems,” IEEE Trans. Syst., Man,
Cybern. B, Cybern., vol. 36, no. 5, pp. 995-1005, Oct. 2006.

B. Lu, H. Jiang, C. Hu, and A. Abdurahman, “Synchronization of hybrid
coupled reaction—diffusion neural networks with time delays via gen-
eralized intermittent control with spacial sampled-data,” Neural Netw.,
vol. 105, pp. 75-87, Sep. 2018.

R. Zhang, D. Zeng, J. H. Park, H. K. Lam, and X. Xie, “Fuzzy sampled-
data control for synchronization of T-S fuzzy reaction—diffusion neural
networks with additive time-varying delays,” IEEE Trans. Cybern.,
vol. 51, no. 5, pp. 2384-2397, May 2021.

Z.-P. Wang, H.-N. Wu, J.-L. Wang, and H.-X. Li, “Quantized sampled-
data synchronization of delayed reaction—diffusion neural networks
under spatially point measurements,” IEEE Trans. Cybern., vol. 51,
no. 12, pp. 5740-5751, Dec. 2021, doi: 10.1109/TCYB.2019.2960094.
S. Chen, C.-C. Lim, P. Shi, and Z. Lu, “Synchronization control for
reaction—diffusion FitzHugh-Nagumo systems with spatial sampled-
data,” Automatica, vol. 93, pp. 352-362, Jul. 2018.

A.-Y. Lu and G.-H. Yang, “Input-to-state stabilizing control for cyber-
physical systems with multiple transmission channels under denial of
service,” IEEE Trans. Autom. Control, vol. 63, no. 6, pp. 1813-1820,
Jun. 2018.

A. Teixeira, I. Shames, H. Sandberg, and K. H. Johansson, “A
secure control framework for resource-limited adversaries,” Automatica,
vol. 51, pp. 135-148, Jan. 2015.

M. Zhu and S. Martinez, “On the performance analysis of resilient
networked control systems under replay attacks,” IEEE Trans. Autom.
Control, vol. 59, no. 3, pp. 804-808, Mar. 2014.

Z. Gu, P. Shi, D. Yue, S. Yan, and X. Xie, “Memory-based contin-
uous event-triggered control for networked T-S fuzzy systems against
cyber-attacks,” IEEE Trans. Fuzzy Syst., vol. 29, no. 10, pp. 3118-3129,
Oct. 2021, doi: 10.1109/TFUZZ.2020.3012771.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

7843

S. Song, J. H. Park, B. Zhang, and X. Song, “Event-based adaptive fuzzy
fixed-time secure control for nonlinear CPSs against unknown false data
injection and backlash-like hysteresis,” IEEE Trans. Fuzzy Syst., early
access, Apr. 2, 2021, doi: 10.1109/TFUZZ.2021.3070700.

W. He, X. Gao, W. Zhong, and F. Qian, “Secure impulsive synchroniza-
tion control of multi-agent systems under deception attacks,” Inf. Sci.,
vol. 459, pp. 354-368, Aug. 2018.

Z. Tang, J. H. Park, and J. Feng, “Impulsive effects on quasi-
synchronization of neural networks with parameter mismatches and
time-varying delay,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29,
no. 4, pp. 908-919, Apr. 2018.

E. Fridman and A. Blighovsky, “Robust sampled-data control of a
class of semilinear parabolic systems,” Automatica, vol. 48, no. 5,
pp. 826-836, May 2012.

O. Kosut, L. Jia, R. J. Thomas, and L. Tong, “Malicious data attacks
on the smart grid,” IEEE Trans. Smart Grid, vol. 2, no. 4, pp. 645-658,
Dec. 2011.

A. Seuret and F. Gouaisbaut, “Wirtinger-based integral inequal-
ity: Application to time-delay systems,” Automatica, vol. 49, no. 9,
pp- 2860-2866, Sep. 2013.

G. H. Hardy, J. E. Littlewood, and G. Polya, Inequalities. Cambridge,
U.K.: Cambridge Univ. Press, 1988.

Y. Fan, X. Huang, Y. Li, J. Xia, and G. Chen, “Aperiodically inter-
mittent control for quasi-synchronization of delayed memristive neural
networks: An interval matrix and matrix measure combined method,”
IEEE Trans. Syst., Man, Cybern., Syst., vol. 49, no. 11, pp. 2254-2265,
Nov. 2019.

Y. Li, K. Gu, J. Zhou, and S. Xu, “Estimating stable delay intervals with
a discretized Lyapunov-Krasovskii functional formulation,” Automatica,
vol. 50, no. 6, pp. 1691-1697, Jun. 2014.

C. Wu, X. Zhao, W. Xia, J. Liu, and T. Basar, “Ly-gain analysis for
dynamic event-triggered networked control systems with packet losses
and quantization,” Automatica, vol. 129, Jul. 2021, Art. no. 109587.
X. Wang, H. Wu, and J. Cao, “Global leader-following consensus in
finite time for fractional-order multi-agent systems with discontinuous
inherent dynamics subject to nonlinear growth,” Nonlinear Anal. Hybrid
Syst., vol. 37, Aug. 2020, Art. no. 100888.

Ruimei Zhang received the Ph.D. degree in applied
mathematics from the School of Mathematical
Sciences, University of Electronic Science and
Technology of China, Chengdu, China, in 2019.

In 2020, she joined the School of Cyber Science
and Engineering, Sichuan University, Chengdu,
where she is currently an Associate Researcher.
From 2017 to 2018, she was a Visiting Scholar with
the Department of Applied Mathematics, University
of Waterloo, Waterloo, ON, Canada. From 2018
to 2019, she was a Visiting Scholar with the

Department of Electrical Engineering, Yeungnam University, Gyeongsan,
South Korea. Her current research interests include neural networks and
networked secure control.

Hongxia Wang (Member, IEEE) received the B.S.
degree from Hebei Normal University, Shijiazhuang,
China, in 1996, and the M.S. and Ph.D. degrees from
the University of Electronic Science and Technology
of China, Chengdu, China, in 1999 and 2002,
respectively.

She is a Professor with the School of Cyber
Science and Engineering, Sichuan University,
Chengdu. She was a Postdoctoral Researcher with
Shanghai Jiao Tong University, Shanghai, China,
from 2002 to 2004. She was a Professor with

Southwest Jiaotong University, Chengdu, from 2004 to 2018. She has pub-
lished over 200 peer research papers and wined 15 authorized patents. Her
research interests include multimedia information security, digital forensics,
information hiding and digital watermarking, and intelligent information
processing.


http://dx.doi.org/10.1109/TCYB.2019.2960094
http://dx.doi.org/10.1109/TFUZZ.2020.3012771
http://dx.doi.org/10.1109/TFUZZ.2021.3070700

7844

Ju H. Park (Senior Member, IEEE) received the
Ph.D. degree in electronics and electrical engi-
neering from the Pohang University of Science
and Technology (POSTECH), Pohang, Republic of
Korea, in 1997.

From May 1997 to February 2000, he was a
Research Associate with the Engineering Research
Center-Automation Research Center, POSTECH. He
joined Yeungnam University, Gyeongsan, Republic
of Korea, in March 2000, where he is currently the
Chuma Chair Professor. He is a coauthor of the
monographs Recent Advances in Control and Filtering of Dynamic Systems
With Constrained Signals (New York, NY, USA: Springer-Nature, 2018) and
Dynamic Systems With Time Delays: Stability and Control (New York, NY,
USA: Springer-Nature, 2019) and is an Editor of an edited volume Recent
Advances in Control Problems of Dynamical Systems and Networks (New
York, NY, USA: Springer-Nature, 2020). His research interests include robust
control and filtering, neural/complex networks, fuzzy systems, multiagent
systems, and chaotic systems. He has published a number of articles in these
areas.

Prof. Park has been a recipient of the Highly Cited Researchers Award
by Clarivate Analytics (formerly, Thomson Reuters) since 2015 and listed
in three fields, Engineering, Computer Sciences, and Mathematics, in 2019,
2020, and 2021. He also serves as an Editor for the International Journal
of Control, Automation and Systems. He is also a Subject Editor/Advisory
Editor/Associate Editor/Editorial Board Member of several international jour-
nals, including IET Control Theory & Applications, Applied Mathematics
and Computation, Journal of The Franklin Institute, Nonlinear Dynamics,
Engineering Reports, Cogent Engineering, the IEEE TRANSACTION ON
Fuzzy SYSTEMS, the IEEE TRANSACTION ON NEURAL NETWORKS AND
LEARNING SYSTEMS, and the IEEE TRANSACTION ON CYBERNETICS. He
is a Fellow of the Korean Academy of Science and Technology.

Hak-Keung Lam (Fellow, IEEE) received
the B.Eng. (Hons.) and Ph.D. degrees from
the Department of Electronic and Information
Engineering, The Hong Kong Polytechnic
University, Hong Kong, in 1995 and 2000,
respectively.

In 2000 and 2005, he worked with the Department
of Electronic and Information Engineering, The
Hong Kong Polytechnic University as a Postdoctoral
Fellow and a Research Fellow, respectively. He
joined as a Lecturer with King’s College London,
London, U.K., in 2005, where he is currently a Reader. He is a coeditor of
two edited volumes: Control of Chaotic Nonlinear Circuits (World Scientific,
2009) and Computational Intelligence and Its Applications (World Scientific,
2012), and an author/coauthor of three monographs: Stability Analysis of
Fuzzy-Model-Based Control Systems (Springer, 2011), Polynomial Fuzzy
Model-Based Control Systems (Springer, 2016), and Analysis and Synthesis
for Interval Type-2 Fuzzy-Model-Based Systems (Springer, 2016). His current
research interests include intelligent control, computational intelligence, and
machine learning.

Dr. Lam has served as a program committee member, international
advisory board member, invited session chair, and publication chair for
various international conferences and a reviewer for various books, inter-
national journals, and international conferences. He is an Associate Editor
of IEEE TRANSACTIONS ON Fuzzy SYSTEMS, IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS—PART II: EXPRESS BRIEFS, IET Control Theory
and Applications, International Journal of Fuzzy Systems, Neurocomputing,
and Nonlinear Dynamics; and a guest editor and on the editorial board
for a number of international journals. He was named as a Highly Cited
Researcher.

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 52, NO. 12, DECEMBER 2022

Peisong He received the B.S. degree from the
University of Electronic Science and Technology
of China, Chengdu, China, in 2013, and the Ph.D.
degree in cybersecurity from Shanghai Jiao Tong
University, Shanghai, China, in 2018.

He was working as a visiting student with
the Rapid-Rich Object Search Lab, Nanyang
Technological University, Singapore, from 2016
to 2017. In 2019, he joined Sichuan University,
Chengdu, where he is currently an Associate
Professor. His current research interest includes
multimedia forensics and security.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


