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A class of fractional-order BAM neural networks with delays in the leakage terms is considered. By using inequality technique and
analysis method, several delay-dependent su�cient conditions are established to ensure the uniform stability of such networks.
Moreover, the su�cient conditions guaranteeing the existence, uniqueness, and stability of the equilibrium point are also obtained.
In addition, three simulation examples are given to demonstrate the e�ectiveness of the obtained results.

1. Introduction


e bidirectional associative memory (BAM) neural net-
works models, rst proposed and studied by Kosko [1], have
been widely applied within various engineering and scientic
elds such as pattern recognition, signal and image process-
ing, articial intelligence, and combinatorial optimization
[2]. In such applications, it is of prime importance to ensure
that the designed neural networks are stable [3].

In hardware implementation of a neural network using
analog electronic circuits, time delay will be inevitable and
occur in the signal transmission among the neurons [4],
which will a�ect the stability of the neural system and may
lead to some complex dynamic behaviors such as oscillation,
divergence, chaos, and instability or other poor performances
of the neural networks [5]. In this case, the time delay may
substantially a�ect the performance of the recurrent neural
networks. 
erefore, the study of stability for delayed neural
networks is of both theoretical and practical importance.
In the past few decades, a considerable number of su�-
cient conditions on the existence, uniqueness, and stability

of equilibrium point for delayed BAM neural networks were
reported under some assumptions; for example, see [2–17]
and references therein.

In recent years, since the theory and application of
fractional di�erential equations gradually developed [18–20],
e�orts have been made to study the complex dynamics of
fractional-order neural networks. In [21], the authors rstly
introduced a new class of cellular neural networks with
fractional order. 
e peculiarity of the new cellular neural
networks model consisted in replacing the traditional rst
order cell with a noninteger order one. 
e introduction of
fractional-order cells, with a suitable choice of the coupling
parameters, led to the onset of chaos in a two-cell system of a
total order of less than three. A theoretical approach, based on
the interaction between equilibrium points and limit cycles,
was used to discover chaotic motions in fractional cellular
neural networks. In [22], the authors investigated the exis-
tence of chaos by using the harmonic balance theory. A circuit
realization of the proposed fractional two-cell chaotic cellular
neural networks was reported and the corresponding stra-
nge attractor was also shown. In [23], the authors presented
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an algorithm of numerical solution for fractional di�erential
equations and investigated chaos control and synchroniza-
tion in a fractional neuron network system. In [24], the
authors proposed a fractional-order Hopeld neural network
and investigated its stability by using energy function. In [25],
a new type of stability and synchronization, �-exponential
stability and �-synchronization, was investigated for a class
of fractional-order neural networks. Several criteria were
derived for such kind of stability of the addressed networks
by handling a new fractional-order di�erential inequality. In
[26], chaos and hyperchaos for fractional-order cellular neu-
ral networks were investigated by means of numerical simu-
lations. 
e existence of chaotic and hyperchaotic attractors
was veried with the related Lyapunov exponent spectrum,
bifurcation diagram, and phase portraits. In [27], the authors
investigated stability, multistability, bifurcations, and chaos
for fractional-order Hopeld neural networks. In [28], the
synchronization problemwas studied for a class of fractional-
order chaotic neural networks. By using the Mittag-Le�er
function, M-matrix and linear feedback control, a su�cient
condition was developed ensuring the synchronization of
such neural models with the Caputo fractional derivatives.
In [29], a class of fractional-order neural networks with
delay was considered; a su�cient condition was established
for the uniform stability of such networks. Moreover, the
existence, uniqueness, and stability of its equilibrium point
were also proved. In [30], the authors introduced memristor-
based fractional-order neural networks. 
e conditions on
the global Mittag-Le�er stability and synchronization were
established by using Lyapunov method for these networks.
In [31], the authors investigated the nite-time stability for
Caputo fractional neural networks with distributed delay
and established a delay-dependent stability criterion by using
the theory of fractional calculus and generalized Gronwall-
Bellman inequality approach. In [32], the global projective
synchronization for fractional-order neural networks was
investigated. Based on the preparation and some analysis
techniques, several criteria were obtained to realize projec-
tive synchronization of fractional-order neural networks via
combining open loop control and adaptive control.

Recently, some authors considered the uniform stability
of delayed neural networks; for example, see [33–36] and
references therein. In [33], the local uniform stability of
competitive neural networks with di�erent time-scales under
vanishing perturbations was investigated; several stability
conditions were established based on Gershgorin’s 
eorem.
In [34], the authors considered the uniform asymptotic
stability and global asymptotic stability of the equilibrium
point for time-delays Hopeld neural networks. Several
criteria of the system were derived by using the Lyapunov
functional method and the linear matrix inequality approach
for estimating the upper bound of the derivative of Lyapunov
functional. In [35], the authors showed the uniform stability
and existence and uniqueness of the equilibrium point of
the fractional-order complex-valued neural networks with
time delays rstly. In [36], the authors discuss the exis-
tence and global uniform asymptotic stability of almost
periodic solutions for cellular neural networks. By utilizing
the theory of the almost periodic di�erential equation and

the Lyapunov functionals method, some su�cient conditions
were obtained to ensure the existence and global uniform
asymptotic stability. To the best of our knowledge, however,
there are few results on the uniform stability analysis of
fractional-order BAM neural networks.

Motivated by the above discussions, the objective of
this paper is to study the uniform stability analysis of
fractional-order BAM neural networks with delays in the
leakage terms. In order to demonstrate the stability of our
proposedmodel, a novel normwhich can be found in [29, 35]
will be introduced, and several delay-dependent su�cient
conditions ensuring the uniform stability of our model will
be established. Incidentally, when it comes to the proof of the
existence, uniqueness, and stability of the equilibrium point
of the proposed model, we will utilize the common norm for
convenience.


e rest of the paper is structured as follows. In Section 2,
wewill present the proposedmodel and recall somenecessary
denitions and lemmas. In Section 3, a su�cient criterion
ensuring the uniform stability of such neural networks is pre-
sented and the existence and uniqueness of the equilibriumof
the model is also demonstrated. 
ree numerical examples
are presented to manifest the e�ectiveness of our theore-
tical results in Section 4. Finally, the paper is concluded in
Section 5.

2. Model Description and Preliminaries

In this paper, we consider the following fractional-order BAM
neural networks with delays in the leakage terms:

���� (�) = −���� (� − �) + �∑
�=1
	��
� (�� (�))

+ �∑
�=1
����� (�� (� − �)) + ��, � = 1, 2, . . . , �,

���� (�) = −���� (� − �) + �∑
�=1
����� (�� (�))

+ �∑
�=1
����� (�� (� − �)) + ��, � = 1, 2, . . . , �,

(1)

or in the vector form

��� (�) = −�� (� − �) + �
 (� (�)) +  � (� (� − �)) + �,
��� (�) = −!� (� − �) + �� (� (�)) + "� (� (� − �)) + �,

(2)

where �� denotes Caputo fractional derivative of order �,0 < � < 1; �(�) = (�1(�), �2(�), . . . , ��(�))� ∈ R
�, �(�) =(�1(�), �2(�), . . . , ��(�))� ∈ R

�, ��(�), and ��(�) are the state
of the �th neuron from the neural eld 
� and the �th neuron
from the neural eld 
	 at time �, respectively; 
�(�) and��(�) denote the activation functions of the �th neuron from
the neural eld 
	 and ��(�) and ��(�) denote the activation
functions of the �th neuron from the neural eld 
�; �� and
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�� are constants, which denote the external inputs on the �th
neuron from
� and the �th neuron from
	, respectively; the
positive constants �� and �� denote the rates withwhich the �th
neuron from the neural eld 
� and the �th neuron from the
neural eld 
	 will reset their potential to the resting state in
isolation when disconnected from the networks and external
inputs, respectively; the constants 	��, ���, ���, and ��� denote
the connection strengths; the nonnegative constants � and �
denote the leakage delay and the transmission delay, respec-
tively;� = diag(�1, �2, . . . , ��) and ! = diag(�1, �2, . . . , ��) are
diagonal matrices, �, �,  , and" are the connection weight

matrices; and � = (�1, �2, . . . , ��)� and � = (�1, �2, . . . , ��)� are
the external inputs.


e initial conditions associated with system (1) are of the
form

�� ($) = %� ($) , $ ∈ [−', 0] , � = 1, 2, . . . , �,
�� ($) = -� ($) , $ ∈ [−', 0] , � = 1, 2, . . . , �, (3)

where ' = max{�, �}, and it is usually assumed that %�($),-�($) ∈ �([−', 0], 0), � = 1, 2, . . . , �, and � = 1, 2, . . . , �, with

the norm given by ‖%(�)‖ = ∑��=1 sup
∈[−�,0]{4−
|%�(�)|} and‖-(�)‖ = ∑��=1 sup
∈[−�,0]{4−
|-�(�)|}.

roughout this paper, we make the following assump-

tion.
(H) 
e activation functions 
�(⋅), "�(⋅), ��(⋅), and ��(⋅)

are Lipschitz continuous; that is, there exist constants 
� > 0,�� > 0, �� > 0, and �� > 0 such that

66666
� (7) − 
� (V)66666 ≤ 
� |7 − V| ,
6666�� (7) − �� (V)6666 ≤ �� |7 − V| ,66666�� (7) − �� (V)66666 ≤ �� |7 − V| ,
6666�� (7) − �� (V)6666 ≤ �� |7 − V| ,

(4)

for any 7, V ∈ R, � = 1, 2, . . . , �, and � = 1, 2, . . . , �.
To prove our results, the following denitions and lemma

are necessary.

De�nition 1 (see [18]). 
eRiemann-Liouville fractional inte-
gral with fractional-order � > 0 of function 9(�) is dened as
follows:


0��
 9 (�) = 1Γ (�) ∫




0
(� − �)�−19 (�) ��, (5)

where Γ(⋅) is the Gamma function and Γ(�) = ∫∞0 ��−14−
��.
De�nition 2 (see [18]). 
e Caputo fractional derivative of
fractional-order � of function 9(�) is dened as follows:

�

0��
 9 (�) = 
0��−�
 �����9 (�)

= 1Γ (� − �) ∫




0
(� − �)�−�−19(�) (�) ��,

(6)

where � is the rst integer greater than�; that is, �−1 < � < �.

Particularly, when 0 < � < 1,
��9 (�) = 1Γ (1 − �) ∫





0
(� − �)−�9� (�) ��. (7)

De�nition 3. 
esolution of system (1) is said to be uniformly
stable if for any @ > 0, there exists A = A(@) > 0 such that,

for any two solutions (�(�), �(�))�, (�(�), �(�))�, of system (1)

with initial functions (%(�), -(�))�, (%(�), -(�))�, respectively,
it holds that

‖� (�) − � (�)‖ < @, BBBB� (�) − � (�)BBBB < @, (8)

for all � ≥ 0, whenever
BBBB% ($) − % ($)BBBB < A, BBBBB- ($) − - ($)BBBBB < A, $ ∈ [−', 0] ,

(9)

where

BBBB% ($) − % ($)BBBB = �∑
�=1

sup
�∈[−�,0]

{4−� 6666%� ($) − %� ($)6666} ,
BBBBB- ($) − - ($)BBBBB =

�∑
�=1

sup
�∈[−�,0]

{4−� 66666-� ($) − -� ($)66666} ,

‖� (�) − � (�)‖ = �∑
�=1
sup


{4−
 6666�� (�) − �� (�)6666} ,

BBBB� (�) − � (�)BBBB = �∑
�=1

sup


{4−
 66666�� (�) − �� (�)66666} .

(10)

Lemma4 (see [20]). Let � be a positive integer such that �−1 <� < �; if �(�) ∈ ��−1[�, �], then
����� (�) = � (�) − �−1∑

�=0

�(�) (�)H! (� − �)�. (11)

In particular, if 0 < � ≤ 1 and �(�) ∈ �[�, �], then
����� (�) = � (�) − � (�) . (12)

Remark 5. It is noted that when the leakage delay � = 0,
the system (1) becomes the following fractional-order BAM
neural networks with delay

���� (�) = −���� (�) + �∑
�=1
	��
� (�� (�))

+ �∑
�=1
����� (�� (� − �)) + ��,

���� (�) = −���� (�) + �∑
�=1
����� (�� (�))

+ �∑
�=1
����� (�� (� − �)) + ��,

(13)
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with initial conditions�� ($) = %� ($) , $ ∈ [−�, 0] ,
�� ($) = -� ($) , $ ∈ [−�, 0] , (14)

for � = 1, 2, . . . , �, � = 1, 2, . . . , �.

3. Main Results

�eorem6. Under assumption (H), the system (1) is uniformly
stable, if J1 > 0, K1 > 0, and J1K1 > J2K2 hold, where

J1 = 1 −max
1≤�≤�

{��} 4−�, K1 = 1 − max
1≤�≤�

{��} 4−�,
J2 = �∑
�=1

max
1≤�≤�

{66666	��66666 
�} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−�,
K2 = �∑
�=1

max
1≤�≤�

{66666���66666 ��} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−�.
(15)

Proof. Assume that (�(�), �(�))� = (�1(�), . . . , ��(�), �1(�),. . . , ��(�))� and (�(�), �(�))� = (�1(�), . . . , ��(�), �1(�), . . . ,��(�))� are any two solutions of system (1) with the initial
conditions (3), then

�� (�� (�) − �� (�)) = −�� (�� (� − �) − �� (� − �))
+ �∑
�=1
	�� (
� (�� (�)) − 
� (�� (�)))

+ �∑
�=1
��� (�� (�� (� − �))

− �� (�� (� − �))) ,
� = 1, 2, . . . , �,

�� (�� (�) − �� (�)) = −�� (�� (� − �) − �� (� − �))
+ �∑
�=1
��� (�� (�� (�)) − �� (�� (�)))

+ �∑
�=1
��� (�� (�� (� − �))

−�� (�� (� − �))) ,
� = 1, 2, . . . , �.

(16)

From Lemma 4, we can obtain

�� (�) − �� (�) = %� (0) − %� (0)
+ �� [−�� (�� (� − �) − �� (� − �))

+ �∑
�=1
	�� (
� (�� (�)) − 
� (�� (�)))

+ �∑
�=1
��� (�� (�� (� − �))

−�� (�� (� − �)))] ,� = 1, 2, . . . , �,
�� (�) − �� (�) = -� (0) − -� (0)

+ �� [−�� (�� (� − �) − �� (� − �))
+ �∑
�=1
��� (�� (�� (�)) − �� (�i (�)))

+ �∑
�=1
��� (�� (�� (� − �))

−�� (�� (� − �)))] ,� = 1, 2, . . . , �.
(17)

Further, we have that

4−
 6666�� (�) − �� (�)6666
≤ 4−
 6666%� (0) − %� (0)6666 + 1Γ (�)4−

× ∫

0
(� − $)�−1
× [�� 6666�� ($ − �) − �� ($ − �)6666

+ �∑
�=1

66666	��66666 66666
� (�� ($)) − 
� (�� ($))66666
+ �∑
�=1

66666���66666 66666�� (�� ($ − �))
− �� (�� ($ − �))66666] �$,

(18)

4−
 66666�� (�) − �� (�)66666
≤ 4−
 66666-� (0) − -� (0)66666 + 1Γ (�)4−

× ∫

0
(� − $)�−1
× [�� 66666�� ($ − �) − �� ($ − �)66666

+ �∑
�=1

66666���66666 6666�� (�� ($)) − �� (�� ($))6666
+ �∑
�=1

66666���66666 6666�� (�� ($ − �))
− �� (�� ($ − �))6666] �$,

(19)

for � = 1, 2, . . . , �, � = 1, 2, . . . , �.
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It follows from assumption (H) and inequality (18) that

4−
 6666�� (�) − �� (�)6666
≤ 4−
 6666%� (0) − %� (0)6666 + �� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�+�)4−(�−�)
× 6666�� ($ − �) − �� ($ − �)6666 �$

+ �∑
�=1

66666	��66666 1Γ (�)
× ∫

0
(� − $)�−14−(
−�)4−�
× 66666
� (�� ($)) − 
� (�� ($))66666 �$

+ �∑
�=1

66666���66666 1Γ (�)
× ∫

0
(� − $)�−14−(
−�+�)4−(�−�)
× 66666�� (�� ($ − �)) − �� (�� ($ − �))66666 �$

≤ 4−
 6666%� (0) − %� (0)6666 + �� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�+�)4−(�−�)
× 6666�� ($ − �) − �� ($ − �)6666 �$

+ �∑
�=1

66666	��66666 
� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�)4−� 66666�� ($) − �� ($)66666 �$

+ �∑
�=1

66666���66666 �� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�+�)4−(�−�)
× 66666�� ($ − �) − �� ($ − �)66666 �$

= 4−
 6666%� (0) − %� (0)6666 + �� 1Γ (�)
× ∫�
0
(� − $)�−14−(
−�+�)4−(�−�)
× 6666%� ($ − �) − %� ($ − �)6666 �$

+ �� 1Γ (�) ∫



�
(� − s)�−14−(
−�+�)4−(�−�)

× 6666�� ($ − �) − �� ($ − �)6666 �$

+ �∑
�=1

66666	��66666 
� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�)4−� 66666�� ($) − �� ($)66666 �$

+ �∑
�=1

66666���66666 �� 1Γ (�)
× ∫�
0
(� − $)�−14−(
−�+�)4−(�−�)
× 66666-� ($ − �) − -� ($ − �)66666 �$

+ �∑
�=1

66666���66666 �� 1Γ (�)
× ∫

�
(� − $)�−14−(
−�+�)4−(�−�)
× 66666�� ($ − �) − �� ($ − �)66666 �$

= 4−
 6666%� (0) − %� (0)6666 + �� 1Γ (�)
× ∫0
−�
(� − ' − �)�−14−(
−�)4−�

× 6666%� (') − %� (')6666 �'
+ �� 1Γ (�) ∫


−�

0
(� − ' − �)�−14−(
−�)4−�

× 6666�� (') − �� (')6666 �'
+ �∑
�=1

66666	��66666 
� 1Γ (�)
× ∫

0
(� − $)�−14−(
−�)4−� 66666�� ($) − �� ($)66666 �$

+ �∑
�=1

66666���66666 �� 1Γ (�)
× ∫0
−�
(� − N − �)�−14−(
−�)4−� 66666-� (N) − -� (N)66666 �N

+ �∑
�=1

66666���66666 �� 1Γ (�)
× ∫
−�
0

(� − N − �)�−14−(
−�)4−� 66666�� (N) − �� (N)66666 �N
≤ sup

∈[−�,0]

{4−
 6666%� (�) − %� (�)6666}
+ �� sup

∈[−�,0]

{4−
 6666%� (�) − %� (�)6666} 4−�
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× 1Γ (�) ∫




−�
O�−14−��O

+ ��sup


{4−
 6666�i (�) − �� (�)6666} 4−�

× 1Γ (�) ∫

−�

0
O�−14−��O

+ max
1≤�≤�

{66666	��66666 
�}
�∑
�=1

sup


{4−
 66666�� (�) − �� (�)66666}

× 1Γ (�) ∫



0
7�−14−��7

+ max
1≤�≤�

{66666���66666 ��}
�∑
�=1

sup

∈[−�,0]

{4−
 66666-� (�) − -� (�)66666} 4−�

× 1Γ (�) ∫




−�
V
�−14−V�V

+ max
1≤�≤�

{66666���66666 ��}
�∑
�=1

sup


{4−
 66666�� (�) − �� (�)66666} 4−�

× 1Γ (�) ∫

−�

0
V
�−14−V�V

≤ sup

∈[−�,0]

{4−
 6666%� (�) − %� (�)6666}
+ �� sup

∈[−�,0]

{4−
 6666%� (�) −%� (�) 6666 } 4−�
+ ��sup


{4−
 6666�� (�) − �� (�)6666} 4−�

+ max
1≤�≤�

{66666	��66666 
�}
�∑
�=1

sup


{4−
 66666�� (�) − �� (�)66666}

+ max
1≤�≤�

{66666���66666 ��}
�∑
�=1

sup

∈[−�,0]

{4−
 66666-� (�) − -� (�)66666} 4−�

+ max
1≤�≤�

{66666���66666 ��}
�∑
�=1

sup


{4−
 66666�� (�) − �� (�)66666} 4−�

= sup

∈[−�,0]

{4−
 6666%� (�) − %� (�)6666}
+ ��4−� sup


∈[−�,0]
{4−
 6666%� (�) − %� (�)6666}

+ ��4−�sup


{4−
 6666�� (�) − �� (�)6666}

+ max
1≤�≤�

{66666	��66666 
�} BBBB� (�) − � (�)BBBB
+ max
1≤�≤�

{66666���66666 ��} 4−� BBBBB- (�) − - (�)BBBBB
+ max
1≤�≤�

{66666���66666 ��} 4−� BBBB� (�) − � (�)BBBB .
(20)

From (20), we can get

‖� (�) − � (�)‖ = �∑
�=1
sup


{4−
 6666�� (�) − �� (�)6666}

≤ BBBB% (�) − % (�)BBBB +max
1≤�≤�

{��} 4−� BBBB% (�) − % (�)BBBB
+max
1≤�≤�

{��} 4−� ‖� (�) − � (�)‖
+ �∑
�=1

max
1≤�≤�

{66666	��66666 
�} BBBB� (�) − � (�)BBBB
+ �∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−� BBBBB- (�) − - (�)BBBBB
+ �∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−� BBBB� (�) − � (�)BBBB ,
(21)

which implies

‖� (�) − � (�)‖
≤ ∑��=1max1≤�≤� {66666	��66666 
�} + ∑��=1max1≤�≤� {66666���66666 ��} 4−�1 −max1≤�≤� {��} 4−�
× BBBB� (�) − � (�)BBBB + 1 +max1≤�≤� {��} 4−�1 −max1≤�≤� {��} 4−�
× BBBB% (�) − % (�)BBBB + ∑��=1max1≤�≤� {66666���66666 ��} 4−�1 −max1≤�≤� {��} 4−�
× BBBBB- (�) − - (�)BBBBB

= J2J1 BBBB� (�) − � (�)BBBB +
J3J1 BBBB% (�) − % (�)BBBB

+ J4J1
BBBBB- (�) − - (�)BBBBB ,

(22)

where J3 = 1 + max1≤�≤�{��}4−�, J4 = ∑��=1max1≤�≤�{|���|��}4−�.
Similarly, it follows from assumption (H) and inequality

(19) that

BBBB� (�) − � (�)BBBB
≤ ∑��=1max1≤�≤� {66666���66666 ��} + ∑��=1max1≤�≤� {66666���66666 ��} 4−�1 −max1≤�≤� {��} 4−�

× ‖� (�) − � (�)‖ + 1 +max1≤�≤� {��} 4−�1 −max1≤�≤� {��} 4−�
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× BBBBB- (�) − - (�)BBBBB + ∑��=1max1≤�≤� {66666���66666 ��} 4−�1 −max1≤�≤� {��} 4−�
× BBBB% (�) − % (�)BBBB

= K2K1 ‖� (�) − � (�)‖ +
K3K1
BBBBB- (�) − - (�)BBBBB

+ K4K1 BBBB% (�) − % (�)BBBB ,
(23)

where K3 = 1 + max1≤�≤�{��}4−�, K4 = ∑��=1max1≤�≤�{|���|��}4−�.
Substituting (23) into (22), we can obtain

‖� (�) − � (�)‖ ≤ J2J1 [
K2K1 ‖� (�) − � (�)‖
+ K3K1

BBBBB- (�) − - (�)BBBBB
+K4K1 BBBB% (�) − % (�)BBBB]

+ J3J1 BBBB% (�) − % (�)BBBB +
J4J1
BBBBB- (�) − - (�)BBBBB

= J2K2J1K1 ‖� (�) − � (�)‖
+ J2K4 + J3K1J1K1 BBBB% (�) − % (�)BBBB
+ J2K3 + J4K1J1K1

BBBBB- (�) − - (�)BBBBB .
(24)

By using condition J1K1 > J2K2, (24) implies

‖� (�) − � (�)‖ ≤ J2K4 + J3K1J1K1 − J2K2 BBBB% (�) − % (�)BBBB
+ J2K3 + J4K1J1K1 − J2K2

BBBBB- (�) − - (�)BBBBB .
(25)

And, substituting (22) into (23), we can get

BBBB� (�) − � (�)BBBB ≤ K2K1 [
J2J1 BBBB� (�) − � (�)BBBB
+ J3J1 BBBB% (�) − % (�)BBBB
+J4J1

BBBBB- (�) − - (�)BBBBB]
+ K3K1

BBBBB- (�) − - (�)BBBBB + K4K1 BBBB% (�) − % (�)BBBB

= K2J2K1J1 BBBB� (�) − � (�)BBBB
+ K2J4 + K3J1K1J1

BBBBB- (�) − - (�)BBBBB
+ K2J3 + K4J1K1J1 BBBB% (�) − % (�)BBBB .

(26)

By using condition J1K1 > J2K2, (26) implies

BBBB� (�) − � (�)BBBB ≤ K2J4 + K3J1K1J1 − K2J2
BBBBB- (�) − - (�)BBBBB

+ K2J3 + K4J1K1J1 − K2J2 BBBB% (�) − % (�)BBBB .
(27)

If we take

BBBB% (�) − % (�)BBBB ≤ @1(J2K4 + J3K1) / (J1K1 − J2K2) =
@12A1 ,

BBBBB- (�) − - (�)BBBBB ≤ @1(J2K3 + J4K1) / (J1K1 − J2K2) =
@12A2 ,

(28)

where

A1 = J2K4 + J3K1J1K1 − J2K2 , A2 = J2K3 + J4K1J1K1 − J2K2 . (29)

From (25), we can obtain

‖� (�) − � (�)‖ ≤ @1. (30)

If we take

BBBBB- (�) − - (�)BBBBB ≤ @2(K2J4 + K3J1) / (K1J1 − K2J2) =
@22A3 ,

BBBB% (�) − % (�)BBBB ≤ @2(K2J3 + K4J1) / (K1J1 − K2J2) =
@22A4 ,

(31)

where

A3 = K2J4 + K3J1K1J1 − K2J2 , A4 = K2J3 + K4J1K1J1 − K2J2 , (32)

from (27), we can get

BBBB� (�) − � (�)BBBB ≤ @2. (33)

From (30) and (33), we say that, for any @ = max{@1, @2} >0, then there exists a constant A = @/max{A5, A6} > 0, A5 =
max{A1, A4}, or A6 = max{A2, A3} such that ‖�(�) − �(�)‖ < @,‖�(�) − �(�)‖ < @, when ‖%(�) − %(�)‖ < A, ‖-(�) − -(�)‖ <A, which means that the solution of system (1) is uniformly
stable. 
e proof is completed.
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�eorem 7. Under assumption (H) and the conditions of
�eorem 6, the system (1) has a unique equilibrium point,
which is uniformly stable if S1 < min1≤�≤�{��} and S2 <
min1≤�≤�{��} hold, where

S1 = �∑
�=1

max
1≤�≤�

{66666	��66666 
�} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} ,

S2 = �∑
�=1

max
1≤�≤�

{66666���66666 ��} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} .
(34)

Proof. Let ���∗� = 7∗� , ���∗� = V
∗
� , and construct a mappingΥ(7, V) : R�+� → R

�+� dened by

Υ (7, V) = (Υ1 (7, V) , Υ2 (7, V) , . . . , Υ� (7, V) ,
Υ�+1(7, V), Υ�+2(7, V), . . . , Υ�+�(7, V))�, (35)

where

Υ� (7, V) = �∑
�=1
	��
� (V���) +

�∑
�=1
����� (V���) + ��,

Υ�+� (7, V) = �∑
�=1
����� (7��� ) +

�∑
�=1
����� (7��� ) + ��,

(36)

for � = 1, 2, . . . , �, � = 1, 2, . . . , �.
Now, we will show that Υ(7, V) is a contraction mapping

on R
�+�. In fact, for any two di�erent points (7, V) =(71, . . . , 7�, V1, . . . , V�)� and (7, V) = (71, . . . , 7�, V1, . . . , V�)�,

we have

‖Υ (7, V) − Υ (7, V)‖
= �∑
�=1

66666666666
�∑
�=1
	�� (
� (V��� ) − 
� (

V���))

+ �∑
�=1
��� (�� (V���) − �� (

V���))
66666666666

+ �∑
�=1

6666666666
�∑
�=1
��� (�� (7��� ) − �� (

7��� ))

+ �∑
�=1
��� (�� (7��� ) − �� (

7��� ))
6666666666

≤ �∑
�=1
[
[
�∑
�=1

66666	��66666 
�
66666V� − V�

66666�� + �∑
�=1

66666���66666 ��
66666V� − V�

66666�� ]
]

+ �∑
�=1

[ �∑
�=1

66666���66666 ��
66667� − 7�6666�� + �∑

�=1

66666���66666 ��
66667� − 7�6666�� ]

≤ ( ∑��=1max1≤�≤� {66666	��66666 
�} + ∑��=1max1≤�≤� {66666���66666 ��}
min1≤�≤� {��} )

× �∑
�=1

66666V� − V�
66666

+ (∑��=1max1≤�≤� {66666���66666 ��} + ∑��=1max1≤�≤� {66666���66666 ��}
min1≤�≤� {��} )

× �∑
�=1

66667� − 7�6666
= S1
min1≤�≤� {��}

�∑
�=1

66666V� − V�
66666 + S2

min1≤�≤� {��}
�∑
�=1

66667� − 7�6666 .
(37)

By using conditions S1 < min1≤�≤�{��} and S2 <
min1≤�≤�{��}, (37) implies

‖Υ (7, V) − Υ (7, V)‖ < �∑
�=1

66666V� − V�
66666

+ �∑
�=1

66667� − 7�6666 = ‖(7, V) − (7, V)‖ ,
(38)

which implies that Υ(7, V) is a contraction mapping on
R
�+�. Hence, there exists a unique xed point (7∗, V∗) =(7∗1 , . . . , 7∗� , V∗1 , . . . , V∗�)� such that Υ(7∗, V∗) = (7∗, V∗); that

is

7∗� = �∑
�=1
	��
� (V���) +

�∑
�=1
����� (V���) + ��,

V
∗
� = �∑
�=1
����� (7��� ) +

�∑
�=1
����� (7��� ) + ��,

(39)

for � = 1, 2, . . . , �, � = 1, 2, . . . , �. 
at is

−���∗� + �∑
�=1
	��
� (�∗� ) + �∑

�=1
����� (�∗� ) + �� = 0,

−���∗� + �∑
�=1
����� (�∗� ) + �∑

�=1
����� (�∗� ) + �� = 0,

(40)

for � = 1, 2, . . . , �, � = 1, 2, . . . , �, which implies that (�∗, �∗)
is an equilibrium point of system (1). Moreover, it follows
from 
eorem 6 that (�∗, �∗) is uniformly stable. 
e proof
is completed.

Corollary 8. Under assumption (H), the system (13) is uni-

formly stable, if J̃1 > 0, K̃1 > 0, and J̃1K̃1 > J̃2K̃2 hold, where
J̃1 = 1 −max

1≤�≤�
{��} , K̃1 = 1 − max

1≤�≤�
{��} ,
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J̃2 = �∑
�=1

max
1≤�≤�

{66666	��66666 
�} +
n∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−�,

K̃2 = �∑
�=1

max
1≤�≤�

{66666���66666 ��} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} 4−�.
(41)

Proof. Similar to the proof of 
eorem 6, we can obtain the
above Corollary 8; thus, we omit it.

Corollary 9. Under assumption (H) and the conditions of
Corollary 8, the system (13) has a unique equilibrium point,

which is uniformly stable if S̃1 < min1≤�≤�{��} and S̃2 <
min1≤�≤�{��} hold, where

S̃1 = �∑
�=1

max
1≤�≤�

{66666	��66666 
�} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} ,

S̃2 = �∑
�=1

max
1≤�≤�

{66666���66666 ��} +
�∑
�=1

max
1≤�≤�

{66666���66666 ��} .
(42)

Proof. Similar to the proof of 
eorem 7, we can obtain the
above Corollary 9; thus, we omit it.

Remark 10. In [25], the authors investigated�-stability and�-
synchronization of fractional-order neural networks without
delays. In [28], the authors introduced a class of fractional-
order chaotic neural networks without delays and discussed
the synchronization of such networks. In [29], the authors
took the constant delay into account and discussed the
dynamic analysis of a class of fractional-order neural net-
works with constant delay. In [35], the authors investigated
the uniform stability of fractional-order complex-valued
neural networks with constant delay. Di�erent from the
previous works, here, we have viewed the stability analysis
of fractional-order BAM neural networks with delays in the
leakage terms.

Remark 11. In [29, 35], several delay-independent stability
conditions were given for fractional-order neural networks
with constant delay. In this paper, a delay-dependent
stability condition was provided. It is known that delay-
dependent conditions are usually less conservative than
delay-independent ones, especially in the case when the
delay size is small [10]. In addition, the positive constants 	�
(� = 0, 1, . . . , �) in the model of [29] was required satisfying0 < 	� < 1 (� = 0, 1, . . . , �). However, the obtained results
in this paper show that when the leakage delay � > 0, the
positive constants �� > 1 (� = 0, 1, . . . , �) and �� > 1 (� =0, 1, . . . , �) could be possible, and the simulation
examples in the next section verify the validity of our
results.

4. Examples

Example 1. Consider the following fractional-order BAM
neural networks with delays in the leakage terms:

���� (�) = −���� (� − �) + 2∑
�=1
	��
� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

���� (�) = −���� (� − �) + 2∑
�=1
����� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

(43)

where � = 0.95, � = 0.25, � = 0.50, � = diag(0.55, 0.60),! = diag(0.50, 0.50),
� = [1.22 0.800.65 −0.45] , � = [ 0.55 0.43−0.32 0.42] ,
 = [0.38 −0.320.45 0.80 ] ,
" = [−0.62 0.340.45 1.10] , � = [0.84, 1.22]�,
� = [−0.48, 0.75]�,

�1 (�) = �2 (�) = �1 (�) = �2 (�)
= 110 (|� + 1| + |� − 1|) ,


1 (�) = 
2 (�) = �1 (�) = �2 (�)
= 120 (6666� + 16666 + 6666� − 16666) .

(44)

By calculation, 
1 = 
2 = �1 = �2 = 0.1, �1 = �2 =�1 = �2 = 0.2, J1 = 1 − 0.604−0.25 = 0.5327, K1 = 1 −0.54−0.25 = 0.6106, J2 = 1.22 × 0.1 + 0.65 × 0.1 + (0.38 ×0.1 + 0.80 × 0.1)4−0.5 = 0.2586, and K2 = 0.55 × 0.2 +0.42 × 0.2 + (0.62 × 0.2 + 1.10 × 0.2)4−0.5 = 0.4026, which
satisfy J1K1 > J2K2; according to 
eorem 6, when we select
the appropriate initial values, the system (43) could realize
uniform stability. Furthermore, we have S1 = 1.22 × 0.1 +0.65 × 0.1 + 0.38 × 0.1 + 0.80 × 0.1 =0.3050 < min1≤�≤2{��} =0.50,S2 = 0.55 × 0.2 + 0.42 × 0.2 + 0.62 × 0.2 + 1.10 × 0.2 =0.5380 < min1≤�≤2{��} = 0.55; by utilizing
eorem 7, we can
obtain that the system (43) has an unique equilibrium point
which is uniformly stable.

In order to check the validity of 
eorems 6 and 7, the
following ve cases are given: case 1 with the initial values(�1, �2, �1, �2)� = (−2.5, 4.0, 3.5, −5.0)�, case 2with the initial
values (�1, �2, �1, �2)� = (6.5, −3.0, −7.0, 4.5)�, case 3 with

the initial values (�1, �2, �1, �2)� = (3.0, 8.0, −1.5, −2.0)�,
case 4 with the initial values (�1, �2, �1, �2)� =



10 Abstract and Applied Analysis

0 5 10 15 20 25

0

2

4

6

8

−8

−6

−4

−2

t

x
1

(a)

0 5 10 15 20 25

0

2

4

6

8

−8

−6

−4

−2

t

x
2

(b)

0 5 10 15 20 25

t

0

2

4

6

8

−8

−6

−4

−2

y
1

(c)

0 5 10 15 20 25

t

0

2

4

6

8

−6

−4

−2

y
2

(d)

Figure 1: Transient states of the fractional-order BAM neural networks in Example 1 with � = 0.95, � = 0.25, and � = 0.50.

(−6.5, −7.0, 7.5, 8.0)�, and case 5 with the initial values(�1, �2, �1, �2)� = (4.0, 2.0, 1.5, 1.0)�. 
e time responses of
state variables are shown in Figure 1.

When � = 0, consider the following three cases:

case 1 with the initial values (�1, �2, �1, �2)� =(3.0, 8.0, −1.5, −2.0)�, case 2 with the initial values(�1, �2, �1, �2)� = (−6.5, −7.0, 7.5, 8.0)�, and case 3 with the

initial values (�1, �2, �1, �2)� = (4.0, 2.0, 1.5, 1.0)�. 
e time
responses of state variables are shown in Figure 2 with the
leakage delay � = 0.
Example 2. Consider the following fractional-order BAM
neural networks with delays in the leakage terms:

���� (�) = −���� (� − �) + 2∑
�=1
	��
� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

���� (�) = −���� (� − �) + 2∑
�=1
����� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

(45)

where � = 0.98, � = 0.20, � = 0.40, � = diag(0.50, 0.65),! = diag(0.55, 0.42),
� = [0.55 −0.750.85 0.66 ] , � = [0.76 0.420.39 −0.68] ,
 = [ 0.22 0.46−0.75 0.82] ,
" = [−0.24 0.650.37 0.55] , � = [0.50, −0.45]�,
� = [−0.20, 0.30]�,
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Figure 2: Transient states of the fractional-order BAM neural networks in Example 1 with � = 0.95, � = 0, and � = 0.50.

�1 (�) = �2 (�) = 110 (|� + 1| + |� − 1|) ,
�1 (�) = �2 (�) = 120 (|� + 1| + |� − 1|) ,

1 (�) = 
2 (�) = 115 (6666� + 16666 + 6666� − 16666) ,
�1 (�) = �2 (�) = 130 (6666� + 16666 + 6666� − 16666) .

(46)

By calculation, 
1 = 
2 = 2/15, �1 = �2 = 1/15, �1 =�2 = 1/5, �1 = �2 = 1/10, J1 = 1 − 0.654−0.2 = 0.4678,K1 = 1 − 0.554−0.2 = 0.5497, J2 = 0.75 × 2/15 + 0.85 × 2/15 +(0.46×1/15+0.82×1/15)4−0.4 = 0.2665, andK2 = 0.76 × 1/5 +0.68 × 1/5 +(0.65 × 1/10 +0.55 × 1/10)4−0.4 = 0.3684, which
satisfy J1K1 > J2K2; according to 
eorem 6, when we select
the appropriate initial values, the system (45) could realize
uniform stability. Furthermore, we haveS1 = 0.75 × 2/15 +

0.85×2/15+0.46×1/15+0.82×1/15 =0.2987 < min1≤�≤2{��} =0.42,S2 = 0.76 × 1/5 + 0.68 × 1/5 + 0.65 × 1/10 + 0.55 ×1/10 = 0.4080 < min1≤�≤2{��} = 0.50; by utilizing
eorem 7,
we can obtain that the system (45) has an unique equilibrium
point which is uniformly stable.

In order to check the validity of 
eorems 6 and 7, the
following ve cases are given: case 1 with the initial values(�1, �2, �1, �2)� = (−2.5, 4.0, 3.5, −5.0)�, case 2with the initial
values (�1, �2, �1, �2)� = (6.5, −3.0, −7.0, 4.5)�, case 3 with

the initial values (�1, �2, �1, �2)� = (3.0, 8.0, −1.5, −2.0)�,
case 4 with the initial values (�1, �2, �1, �2)� =(−6.5, −7.0, 7.5, 8.0)�, and case 5 with the initial values(�1, �2, �1, y2)� = (4.0, 2.0, 1.5, 1.0)�. 
e time responses of
state variables are shown in Figure 3.

When � = 0, consider the following three cases:

case 1 with the initial values (�1, �2, �1, �2)� =(−2.5, 4.0, 3.5, −5.0)�, case 2 with the initial values(�1, �2, �1, �2)� = (3.0, 8.0, −1.5, −2.0)�, and case 3 with
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Figure 3: Transient states of the fractional-order BAM neural networks in Example 2 with � = 0.98, � = 0.20, and � = 0.40.

the initial values (�1, �2, �1, �2)� = (−6.5, −7.0, 7.5, 8.0)�.

e time responses of state variables are shown in Figure 4
with the leakage delay � = 0.
Example 3. Consider the following fractional-order BAM
neural networks with delays in the leakage terms:

���� (�) = −���� (� − �) + 2∑
�=1
	��
� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

���� (�) = −���� (� − �) + 2∑
�=1
����� (�� (�))

+ 2∑
�=1
����� (�� (� − �)) + ��, � = 1, 2,

(47)

where � = 0.95, � = 0.50, � = 0.50, � = diag(1.30, 1.40),! = diag(1.20, 1.15),

� = [0.45 0.250.36 −0.27] , � = [−0.45 0.430.29 0.35] ,
 = [ 0.38 0.33−0.45 0.52] ,
" = [ 0.62 0.34−0.36 −0.48] , � = [0.84, 1.22]�,
� = [−0.48, 0.75]�,

�1 (�) = �2 (�) = �1 (�) = �2 (�)
= 110 (|� + 1| + |� − 1|) ,
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Figure 4: Transient states of the fractional-order BAM neural networks in Example 2 with � = 0.98, � = 0, and � = 0.40.


1 (�) = 
2 (�) = �1 (�) = �2 (�)
= 120 (6666� + 16666 + 6666� − 16666) .

(48)

By calculation, 
1 = 
2 = �1 = �2 = 0.1, �1 = �2 = �1 =�2 = 0.2, J1 = 1−1.44−0.5 = 0.1509,K1 = 1−1.24−0.5 = 0.2722,J2 = 0.45 × 0.1 + 0.36 × 0.1 + (0.38 × 0.1 + 0.52 × 0.1)4−0.5 =0.1356, andK2 = 0.45 × 0.2 + 0.35 × 0.2 + (0.62 × 0.2 + 0.48 ×0.2)4−0.5 = 0.3954, which satisfy J1K1 > J2K2; according to

eorem 6, when we select the appropriate initial values, the
system (47) could realize uniform stability. Furthermore, we
haveS1 = 0.45 × 0.1 + 0.36 × 0.1 + 0.38 × 0.1 + 0.52 ×0.1 = 0.171 < min1≤�≤2{��} = 1.15,S2 = 0.45 × 0.2 + 0.35 ×0.2 + 0.62 × 0.2 + 0.48 × 0.2 = 0.38 < min1≤�≤2{��} = 1.30; by
utilizing 
eorem 7, we can obtain that the system (47) has
an unique equilibrium point which is uniformly stable.

In order to check the validity of 
eorems 6 and 7, the
following ve cases are given: case 1 with the initial values(�1, �2, �1, �2)� = (−2.5, 4.0, 3.5, −5.0)�, case 2with the initial
values (�1, �2, �1, �2)� = (6.5, −3.0, −7.0, 4.5)�, case 3 with

the initial values (�1, �2, �1, �2)� = (3.0, 8.0, −1.5, −2.0)�,
case 4 with the initial values (�1, �2, �1, �2)� =(−6.5, −7.0, 7.5, 8.0)�, and case 5 with the initial values(�1, �2, �1, �2)� = (4.0, 2.0, 1.5, 1.0)�. 
e time responses of
state variables are shown in Figure 5.

5. Conclusions

In this paper, the uniform stability for a class of fractional-
order BAM neural networks with leakage delays has been
discussed. Several su�cient conditions ensuring the uniform
stability of such systems have been derived based on inequal-
ity technique and analysis method. Meanwhile, the existence,
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Figure 5: Transient states of the fractional-order BAM neural networks in Example 3 with � = 0.95, � = 0.50, and � = 0.50.

uniqueness, and uniform stability of the equilibrium point
have been investigated. Finally, three simulation examples
have been provided to demonstrate the e�ectiveness of the
obtained results.

We would like to point out that it is possible to extend our
main results to other complex systems [37–41] and establish
novel stability conditions with less conservatism by using
more up-to-date techniques in [42–46]. 
e corresponding
results will appear in the near future.
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Kosice, Košice, Slovakia, 1999.

[19] K. Diethelm, �e Analysis of Fractional Di�erential Equations,
vol. 2004, Springer, Berlin, Germany, 2010.

[20] A. A. Kilbas, H. M. Srivastava, and J. J. Trujillo, �eory and
Applications of Fractional Di�erential Equations, vol. 204 of
North-Holland Mathematics Studies, Elsevier Science, Amster-
dam, 
e Netherlands, 2006.

[21] P. Arena, R. Caponetto, L. Fortuna, and D. Porto, “Bifurcation
and chaos in noninteger order cellular neural networks,” Inter-
national Journal of Bifurcation and Chaos, vol. 8, no. 7, pp. 1527–
1539, 1998.

[22] P. Arena, L. Fortuna, and D. Porto, “Chaotic behavior in
noninteger-order cellular neural networks,” Physical Review E,
vol. 61, no. 1, pp. 776–781, 2000.

[23] S. Zhou, H. Li, and Z. Zhu, “Chaos control and synchronization
in a fractional neuron network system,” Chaos, Solitons and
Fractals, vol. 36, no. 4, pp. 973–984, 2008.

[24] A. Boroomand and M. B. Menhaj, “Fractional-order Hopeld
neural networks,” in Advances in Neuro-Information Processing,
vol. 5506 of Lecture Notes in Computer Science, pp. 883–890,
Springer, Berlin, Germany, 2009.

[25] J. Yu, C. Hu, and H. Jiang, “�-stability and �-synchronization
for fractional-order neural networks,” Neural Networks, vol. 35,
pp. 82–87, 2012.

[26] X. Huang, Z. Zhao, Z. Wang, and Y. Li, “Chaos and hyperchaos
in fractional-order cellular neural networks,” Neurocomputing,
vol. 94, pp. 13–21, 2012.

[27] E. Kaslik and S. Sivasundaram, “Nonlinear dynamics and chaos
in fractional-order neural networks,” Neural Networks, vol. 32,
pp. 245–256, 2012.

[28] L. Chen, J. Qu, Y. Chai, R. Wu, and G. Qi, “Synchronization of a
class of fractional-order chaotic neural networks,” Entropy, vol.
15, no. 8, pp. 3265–3276, 2013.

[29] L. Chen, Y. Chai, R. Wu, T. Ma, and H. Zhai, “Dynamic ana-
lysis of a class of fractional-order neural networks with delay,”
Neurocomputing, vol. 111, pp. 190–194, 2013.

[30] J. Chen, Z. Zeng, and P. Jiang, “Global Mittag-Le�er stability
and synchronization of memristor-based fractional-order neu-
ral networks,” Neural Networks, vol. 51, pp. 1–8, 2014.

[31] A. Alo, J. Cao, A. Elaiw, and A. Al-Mazrooei, “Delay-depen-
dent stability criterion of Caputo fractional neural networks
with distributed delay,”DiscreteDynamics inNature and Society,
vol. 2014, Article ID 529358, 6 pages, 2014.

[32] J. Yu, C. Hu, H. Jiang, and X. Fan, “Projective synchronization
for fractional neural networks,”Neural Networks, vol. 49, pp. 87–
95, 2014.

[33] A. Meyer-Base, R. Roberts, and V. 
ummler, “Local uniform
stability of competitive neural networks with di�erent time-
scales under vanishing perturbations,”Neurocomputing, vol. 73,
no. 4–6, pp. 770–775, 2010.

[34] A. Arbi, C. Aouiti, and A. Touati, “Uniform asymptotic stability
and global asymptotic stability for time-delay Hopeld neural
networks,” IFIP Advances in Information and Communication
Technology, vol. 381, no. 1, pp. 483–492, 2012.

[35] R. Rakkiyappan, J. Cao, and G. Velmurugan, “Existence and
uniform stability analysis of fractional-order complex-valued
neural networks with time delays,” IEEE Transactions on Neural
Networks and Learning Systems, 2014.

[36] Z. Hou, H. Zhu, and C. Feng, “Existence and global uniform
asymptotic stability of almost periodic solutions for cellular
neural networks with discrete and distributed delays,” Journal
of Applied Mathematics, vol. 2013, Article ID 516293, 6 pages,
2013.

[37] H. Dong, Z. Wang, and H. Gao, “Distributed p∞ ltering
for a class of Markovian jump nonlinear time-delay systems
over lossy sensor networks,” IEEE Transactions on Industrial
Electronics, vol. 60, no. 10, pp. 4665–4672, 2013.

[38] B. Shen, Z.Wang, D. Ding, andH. Shu, “p∞ state estimation for
complex networks with uncertain inner coupling and incom-
plete measurements,” IEEE Transactions on Neural Networks
and Learning Systems, vol. 24, no. 12, pp. 2027–2037, 2013.



16 Abstract and Applied Analysis

[39] L. Qin, X. He, and D. H. Zhou, “A survey of fault diagnosis for
swarm systems,” Systems Science & Control Engineering, vol. 2,
no. 1, pp. 13–23, 2014.

[40] Q. Liu, Z. Wang, X. He, and D. H. Zhou, “A survey of event-
based strategies on control and estimation,” Systems Science &
Control Engineering, vol. 2, no. 1, pp. 90–97, 2014.

[41] B. Shen, “A survey on the applications of the Krein-space theory
in signal estimation,” Systems Science&Control Engineering, vol.
2, no. 1, pp. 143–149, 2014.

[42] J. Hu, Z. Wang, B. Shen, and H. Gao, “Quantised recursive
ltering for a class of nonlinear systems with multiplicative
noises and missing measurements,” International Journal of
Control, vol. 86, no. 4, pp. 650–663, 2013.

[43] X. He, Z. Wang, X. Wang, and D. H. Zhou, “Networked strong
tracking lteringwithmultiple packet dropouts: algorithms and
applications,” IEEE Transactions on Industrial Electronics, vol.
61, no. 3, pp. 1454–1463, 2014.

[44] Z.Wang,D.Ding,H.Dong, andH. Shu, “p∞ consensus control
for multi-agent systems with missing measurements: the nite-
horizon case,” Systems & Control Letters, vol. 62, no. 10, pp. 827–
836, 2013.

[45] Z. Wang, H. Dong, B. Shen, and H. Gao, “Finite-horizon p∞
ltering with missing measurements and quantization e�ects,”
IEEE Transactions on Automatic Control, vol. 58, no. 7, pp. 1707–
1718, 2013.

[46] H. Dong, Z. Wang, and H. Gao, “Fault detection for Markovian
jump systems with sensor saturations and randomly varying
nonlinearities,” IEEE Transactions on Circuits and Systems I, vol.
59, no. 10, pp. 2354–2362, 2012.



Submit your manuscripts at

http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Problems 
in Engineering

Hindawi Publishing Corporation
http://www.hindawi.com

Differential Equations
International Journal of

Volume 2014

Applied Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Probability and Statistics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Optimization
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Combinatorics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Operations Research
Advances in

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Function Spaces

Abstract and 
Applied Analysis
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Algebra

Discrete Dynamics in 
Nature and Society

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Decision Sciences
Advances in

Discrete Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014 Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stochastic Analysis
International Journal of


