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This paper is concerned with the quasi-matrix and quasi-inverse-matrix projective synchronization between two nonidentical
delayed fractional order neural networks subjected to external disturbances. First, the definitions of quasi-matrix and quasi-
inverse-matrix projective synchronization are given, respectively.Then, in order to realize two types of synchronization for delayed
and disturbed fractional order neural networks, two sufficient conditions are established and proved by constructing appropriate
Lyapunov function in combination with some fractional order differential inequalities. And their estimated synchronization
error bound is obtained, which can be reduced to the required standard as small as what we need by selecting appropriate
control parameters. Because of the generality of the proposed synchronization, choosing different projective matrix and
controllers, the two synchronization types can be reduced to some common synchronization types for delayed fractional order
neural networks, like quasi-complete synchronization, quasi-antisynchronization, quasi-projective synchronization, quasi-inverse
projective synchronization, quasi-modified projective synchronization, quasi-inverse-modified projective synchronization, and so
on. Finally, as applications, two numerical examples with simulations are employed to illustrate the efficiency and feasibility of the
new synchronization analysis.

1. Introduction

Fractional calculus, which is applied to deal with differen-
tiation and integration of arbitrary noninteger orders, has
become an important and powerful tool to research the
practical problems in many subjects [1, 2]. Fractional order
phenomenon is ubiquitous in the real world and has strong
memory and hereditary characteristic, so fractional model
can better describe the dynamical properties and internal
structure of many classical problems than integer ones.
In recent years, many valuable results of fractional order
dynamical systems have been obtained and widely applied
in many areas, such as mathematical physics [1–11], optimum
theory [12], financial problems [13], anomalous diffusion [14],
secure communication [15, 16], biological systems [17, 18],

and heat transfer process [19].These research works illustrate
the practicality and importance of fractional calculus and
promote its development.

Neural network has attracted more and more atten-
tion since the introduction of fractional calculus and its
dynamical behaviors, such as chaos, hyperchaos, bifurca-
tions [20–22], existence, stability and consensus [23–30],
and control and synchronization [31–40], have been widely
studied. Recently, its synchronization problem has become
a research focus and attracted many researchers. In [32,
33], the authors considered the adaptive pinning synchro-
nization and finite time synchronization for delayed frac-
tional order neural network. In [34], He and his cooper-
ators explored quasi-synchronization problem of heteroge-
neous dynamic networks via distributed impulsive control.
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Moreover, some scholars have studied the synchroniza-
tion and quasi-synchronization problems for delayed frac-
tional order memristor-based neural network with uncer-
tain parameters [35–40]. These studies have promoted the
development of fractional order neural networks to some
extent, but most of them are aimed at the special complete
synchronization problem, so it is still an important problem
to propose amore general and practical synchronization type.

Projective synchronization, where the drive and response
systems could be synchronized up to a scaling factor, is an
important concept in practical applications. Nowadays, many
researchers have introduced the projective synchronization
into fractional order neural network. In [41], the authors
applied LMI-based method to realize the global projective
synchronization for fractional order neural network. In [42–
44], the scholars derived some new sufficient conditions and
designed the appropriate controllers to guarantee projective
synchronization for delayed fractional order memristor-
based neural network. In [45], by using comparison principle,
Zhang and her cooperators designed suitable controllers to
reach projective synchronization for delayed fractional order
neural network. In [46], Wu and his cooperators introduced
new sliding mode control laws to realize projective synchro-
nization for nonidentical fractional order neural network in
finite time. And, in [47, 48], researchers explored projective
synchronization and quasi-projective synchronization for
fractional order neural network in complex domain.

However, in the above research works, the proportion
factor of projective synchronization is a fixed constant, while
the simple scaling factor like this maybe does not guarantee
high security of the image encryption and text encryption
in communication. It is an important and meaningful work
to extend the scaling factor to an arbitrary constant matrix
and propose a more general synchronization type. So a new
synchronization type, i.e., matrix projective synchronization,
whose scaling factor is a constant matrix, appears and it
can realize faster and safer communication. Additionally,
another interesting problem is the inverse case of matrix
projective synchronization, that is, when each drive system
state synchronizes with a linear combination of response
system states. Obviously, complexity of the scaling factors
in matrix and inverse-matrix projective synchronization can
have important effect in applications. Besides, it is well
known that time delay is unavoidable due to finite switching
speeds of the amplifiers, and it may cause oscillations or
instability of dynamic systems. And external disturbances for
the fractional order neural network can result in complicated
topological structures because of the complexity and uncer-
tainty of fractional nonlinear systems. Therefore, researching
two more general synchronization types for delayed frac-
tional order neural network with external disturbances is a
meaningful problem.

According to the aforementioned discussions, this work
aims to address these problems and present twomore general
synchronization types, i.e., fractional quasi-matrix and quasi-
inverse-matrix projective synchronization, and establish the
synchronization criteria for delayed and disturbed fractional
order neural network. The remainder of this paper is orga-
nized as follows.

In Section 2, some lemmas of fractional calculus are
introduced and n-dimensional delayed and disturbed frac-
tional order neural network is constructed. In Section 3,
fractional quasi-matrix and quasi-inverse-matrix projective
synchronization are defined and the sufficient criteria for
realizing two synchronization types of the delayed and
disturbed fractional order neural networks are derived by
means of Lyapunov function and some fractional order
properties. In Section 4, as applications, quasi-matrix pro-
jective synchronization for two 2-dimensional and quasi-
inverse-matrix projective synchronization types for two 3-
dimensional delayed and disturbed fractional order neural
networks are realized, respectively. And numerical simula-
tions demonstrate the feasibility of synchronization analysis.
Conclusions are given in Section 5.

2. Preliminaries and System Description

The Caputo derivative of order 𝛼 > 0 for a function 𝑓(𝑡) is
defined as [1]

𝐶
𝑡0
𝐷𝛼𝑡 𝑓 (𝑡) = 1Γ (𝑛 − 𝛼) ∫𝑡𝑡0 𝑓𝑛 (𝜉)(𝑡 − 𝜉)𝛼−𝑛+1𝑑𝜉, (𝑡 ≥ 𝑡0) , (1)

where 𝑡0 and 𝑡 are the limits of Caputo derivative operation
𝐶
𝑡0
𝐷𝛼𝑡 , Γ(⋅) is Euler’s Gamma function, that is, Γ(𝑞) =∫+∞
0

𝑒−𝑡𝑡𝑞−1𝑑𝑡, 𝑓(𝑛) represents the 𝑛th-order derivative of𝑓(𝑥), and 𝑛 is the positive integer satisfying 𝑛 − 1 < 𝛼 ≤ 𝑛.
When 𝛼 = 1, the operation 𝐶𝑡0 𝐷𝛼𝑡 𝑓(𝑡) coincides with the
integer order derivative 𝑑𝑓(𝑡)/𝑑𝑡.
Lemma 1 (see [25]). If 𝑓(𝑡) ∈ 𝐶1([0, +∞), 𝑅) denotes a
continuously differentiable function, the following inequality
holds almost everywhere
𝐶
0𝐷𝛼𝑡 𝑓 (𝑡) ≤ sgn (𝑓 (𝑡)) 𝐶0𝐷𝛼𝑡 𝑓 (𝑡) , (0 < 𝛼 ≤ 1) . (2)

Lemma 2 (see [29]). Consider the following fractional order
differential inequality with time delay

𝐶
0𝐷𝛼𝑡 𝑥 (𝑡) ≤ −𝑎𝑥 (𝑡) + 𝑏𝑥 (𝑡 − 𝜏) , 0 < 𝛼 ≤ 1,𝑥 (𝑡) = ℎ (𝑡) , 𝑡 ∈ [−𝜏, 0] , ℎ (𝑡) ≥ 0, (3)

and linear fractional order differential system with time delay
𝐶
0𝐷𝛼𝑡 𝑦 (𝑡) = −𝑎𝑦 (𝑡) + 𝑏𝑦 (𝑡 − 𝜏) , 0 < 𝛼 ≤ 1,𝑦 (𝑡) = ℎ (𝑡) , 𝑡 ∈ [−𝜏, 0] , ℎ (𝑡) ≥ 0, (4)

where 𝑥(𝑡) and 𝑦(𝑡) are continuous and nonnegative in(0, +∞); if 𝑎 > 0 and 𝑏 > 0, then𝑥 (𝑡) ≤ 𝑦 (𝑡) , ∀𝑡 ∈ [0, +∞) . (5)

Lemma 3 (see [32]). Let 𝑉(𝑡) ∈ 𝑅1 be a continuously differen-
tiable and nonnegative function and satisfy

𝐶
0𝐷𝛼𝑡𝑉 (𝑡) ≤ −𝑎𝑉 (𝑡) + 𝑏𝑉 (𝑡 − 𝜏) , 0 < 𝛼 ≤ 1,𝑉 (𝑡) = 𝜑 (𝑡) ≥ 0, 𝑡 ∈ [−𝜏, 0] , (6)

where 𝑡 ∈ [0, +∞). If 𝑎 > 𝑏 > 0 for all 𝜑(𝑡) ≥ 0, 𝜏 > 0, then
lim𝑡→+∞𝑉(𝑡) = 0.
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Consider two nonidentical n-dimensional delayed frac-
tional order neural networks, which are subjected to external
disturbances, as the drive system and response system,
respectively:

𝐶
0𝐷𝛼𝑡 𝑥𝑖 (𝑡) = −𝑎𝑖𝑥𝑖 (𝑡) + 𝑛∑

𝑗=1

𝑏𝑖𝑗𝑓𝑗 (𝑥𝑗 (𝑡))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗 (𝑥𝑗 (𝑡 − 𝜏)) + 𝑑𝑖𝜉𝑖 (𝑡) , (7)

and

𝐶
0𝐷𝛼𝑡 𝑦𝑖 (𝑡) = −𝑎𝑖𝑦𝑖 (𝑡) + 𝑛∑

𝑗=1

�̂�𝑖𝑗𝑓𝑗 (𝑦𝑗 (𝑡))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗 (𝑦𝑗 (𝑡 − 𝜏)) + 𝑑𝑖𝜂𝑖 (𝑡) + 𝑢𝑖 (𝑡) ,
(0 < 𝛼 < 1) ,

(8)

where 𝑖 = 1, 2, . . . , 𝑛 and 𝑛 is the number of units
in a neural network. (𝑥1(𝑡), 𝑥2(𝑡), . . . , 𝑥𝑛(𝑡))𝑇 ∈ 𝑅𝑛 and(𝑦1(𝑡), 𝑦2(𝑡), . . . , 𝑦𝑛(𝑡))𝑇 ∈ 𝑅𝑛 denote the state variables.𝑎𝑖, 𝑎𝑖 > 0 are self-regulating parameters of neurons.𝑓𝑗(𝑥𝑗(𝑡)),𝑓𝑗(𝑦𝑗(𝑡)), 𝑔𝑗(𝑥𝑗(𝑡 − 𝜏)), and 𝑔𝑗(𝑦𝑗(𝑡 − 𝜏)) express
neuron activation functions at time 𝑡 and 𝑡 − 𝜏. 𝑏𝑖𝑗, �̂�𝑖𝑗 and𝑐𝑖𝑗, 𝑐𝑖𝑗 denote synaptic connection weight of unit 𝑗 to unit 𝑖.𝑑𝑖𝜉𝑖(𝑡), 𝑑𝑖𝜂𝑖(𝑡) are different bounded external disturbances
and |𝑑𝑖𝜉𝑖(𝑡)| ≤ 𝑃𝑖, |𝑑𝑖𝜂𝑖(𝑡)| ≤ 𝑄𝑖. 𝑢𝑖(𝑡) is the controller to be
designed later.

Assumption 4. Neuron activation functions 𝑓𝑗, 𝑔𝑗 are con-
tinuous and satisfy Lipschitz condition on 𝑅 with Lipschitz
constants 𝐹𝑗, 𝐺𝑗 > 0 as𝑓𝑗 (𝑢) − 𝑓𝑗 (V) < 𝐹𝑗 |𝑢 − V| ,𝑔𝑗 (𝑢) − 𝑔𝑗 (V) < 𝐺𝑗 |𝑢 − V| , (𝑢, V ∈ 𝑅) . (9)

3. Main Results

In this section, by using the active control method, we will
focus on designing the suitable controllers to realize the
quasi-matrix and quasi-inverse-matrix projective synchro-
nization types between systems (7) and (8).

3.1. Fractional Quasi-Matrix Projective Synchronization. Let’s
first define the quasi-matrix projective synchronization as
follows.

Definition 5. Systems (7) and (8) are said to be quasi-matrix
projective synchronization with error bound 𝛿 ≥ 0, if there
exists 𝑇 ≥ 𝑡0 such that, for all 𝑡 ≥ 𝑇 and initial values𝑒𝑖(0) = 𝑦𝑖(0) − ∑𝑛𝑗=1 Λ 𝑖𝑗𝑥𝑗(0), the synchronization error

satisfies ‖𝑒(𝑡)‖1 = ‖𝑦(𝑡) − Λ𝑥(𝑡)‖1 ≤ 𝛿. Here Λ = (Λ 𝑖𝑗)𝑛×𝑛
means an arbitrary constant projective matrix, ‖⋅‖1 = ∑𝑛𝑖=1 |⋅|,𝑒 = (𝑒1, 𝑒2, . . . , 𝑒𝑛)𝑇, and 𝑥𝑖(0) and 𝑦𝑖(0) are the initial values
of systems (7) and (8).

Next, let us research the quasi-matrix projective syn-
chronization between systems (7) and (8). Taking Caputo
derivative of both sides of error function 𝑒𝑖 = 𝑦𝑖 −∑𝑛𝑗=1 Λ 𝑖𝑗𝑥𝑗
and substituting into (7) and (8), the error system can be
obtained as

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡) = 𝐶0𝐷𝛼𝑡 𝑦𝑖 (𝑡) − 𝑛∑

𝑗=1

Λ 𝑖𝑗 𝐶0𝐷𝛼𝑡 𝑥𝑗 (𝑡) = −𝑎𝑖𝑦𝑖 (𝑡)
+ 𝑛∑
𝑗=1

�̂�𝑖𝑗𝑓𝑗 (𝑦𝑗 (𝑡)) + 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗 (𝑦𝑗 (𝑡 − 𝜏)) + 𝑑𝑖𝜂𝑖 (𝑡)
− 𝑛∑
𝑗=1

Λ 𝑖𝑗(−𝑎𝑗𝑥𝑗 (𝑡) + 𝑛∑
𝑖=1

𝑏𝑗𝑖𝑓𝑖 (𝑥𝑖 (𝑡))
+ 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖 (𝑥𝑖 (𝑡 − 𝜏)) + 𝑑𝑗𝜉𝑗 (𝑡)) + 𝑢𝑖 (𝑡) .

(10)

Constructing the control function 𝑢𝑖(𝑡) as
𝑢𝑖 (𝑡) = 𝑎𝑖 𝑛∑

𝑗=1

Λ 𝑖𝑗𝑥𝑗 (𝑡) − 𝑛∑
𝑗=1

�̂�𝑖𝑗𝑓𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡))
− 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡 − 𝜏)) + 𝑛∑
𝑗=1

Λ 𝑖𝑗(−𝑎𝑗𝑥𝑗 (𝑡)
+ 𝑛∑
𝑖=1

𝑏𝑗𝑖𝑓𝑖 (𝑥𝑖 (𝑡)) + 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖 (𝑥𝑖 (𝑡 − 𝜏))) − 𝑘𝑖𝑒𝑖 (𝑡) ,
(𝑘𝑖 > 0) ,

(11)

and substituting it into (10), the error system is changed to

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡)= (−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡)

+ 𝑛∑
𝑗=1

�̂�𝑖𝑗(𝑓𝑗 (𝑦𝑗 (𝑡)) − 𝑓𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡)))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗(𝑔𝑗 (𝑦𝑗 (𝑡 − 𝜏)) − 𝑔𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡 − 𝜏)))
+ 𝑑𝑖𝜂𝑖 (𝑡) − 𝑛∑

𝑗=1

Λ 𝑖𝑗𝑑𝑗𝜉𝑗 (𝑡) .

(12)

Because of different external disturbances for two sys-
tems, 𝑒 = 0 is not the equilibrium point of system (12).
So the complete synchronization between systems (7) and
(8) cannot be realized. However, the quasi-matrix projective
synchronization can be investigated.
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Theorem 6. Suppose Assumption 4 holds and the following
inequality is satisfied:

min
1≤𝑖≤𝑛

(𝑎𝑖 + 𝑘𝑖 − 𝑛∑
𝑗=1

�̂�𝑗𝑖 𝐹𝑖) > max
1≤𝑖≤𝑛

( 𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖) , (13)

then the drive system (7) and response system (8) with control
law (11) will achieve the quasi-matrix projective synchroniza-
tion with the error bound 𝐷1/(𝜆1 − 𝛽1) + 𝜀, where 𝜆1 =
min1≤𝑖≤𝑛(𝑎𝑖 + 𝑘𝑖 − ∑𝑛𝑗=1 |�̂�𝑗𝑖|𝐹𝑖), 𝛽1 = max1≤𝑖≤𝑛(∑𝑛𝑗=1 |𝑐𝑗𝑖|𝐺𝑖),𝐷1 = ∑𝑛𝑖=1(𝑄𝑖 + |∑𝑛𝑗=1 Λ 𝑖𝑗𝑃𝑗|), and 0 < 𝜀 << 1 is an arbitrary
small constant.

Proof. Construct the Lyapunov function as 𝑉(𝑡) =∑𝑛𝑖=1 |𝑒𝑖(𝑡)|; then 𝑉(𝑡 − 𝜏) = ∑𝑛𝑖=1 |𝑒𝑖(𝑡 − 𝜏)|. According
to Lemma 1 and Assumption 4, taking Caputo derivative of𝑉(𝑡) along trajectory of error equation (12), one can get

𝐶
0𝐷𝛼𝑡𝑉 (𝑡) = 𝐶0𝐷𝛼𝑡 ( 𝑛∑

𝑖=1

𝑒𝑖 (𝑡)) = 𝑛∑
𝑖=1

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡)

≤ 𝑛∑
𝑖=1

sgn (𝑒𝑖 (𝑡)) 𝐶0𝐷𝛼𝑡 𝑒𝑖 (𝑡)
= 𝑛∑
𝑖=1

sgn (𝑒𝑖 (𝑡))((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡)
+ 𝑛∑
𝑗=1

�̂�𝑖𝑗(𝑓𝑗 (𝑦𝑗 (𝑡)) − 𝑓𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡)))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗(𝑔𝑗 (𝑦𝑗 (𝑡 − 𝜏)) − 𝑔𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡 − 𝜏)))
+ 𝑑𝑖𝜂𝑖 (𝑡) − 𝑛∑

𝑗=1

Λ 𝑖𝑗𝑑𝑗𝜉𝑗 (𝑡))
≤ 𝑛∑
𝑖=1

((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡) + 𝑛∑
𝑗=1

�̂�𝑖𝑗 𝐹𝑗 𝑒𝑗 (𝑡)
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗 𝐺𝑗 𝑒𝑗 (𝑡 − 𝜏)) + 𝑛∑
𝑖=1

(𝑄𝑖 + 
𝑛∑
𝑗=1

Λ 𝑖𝑗𝑃𝑗)
= 𝑛∑
𝑖=1

((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡) + 𝑛∑
𝑗=1

�̂�𝑗𝑖 𝐹𝑖 𝑒𝑖 (𝑡))
+ 𝑛∑
𝑖=1

𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖 𝑒𝑖 (𝑡 − 𝜏) + 𝑛∑
𝑖=1

(𝑄𝑖 + 
𝑛∑
𝑗=1

Λ 𝑖𝑗𝑃𝑗)
≤ − 𝑛∑
𝑖=1

(min
1≤𝑖≤𝑛

(𝑎𝑖 + 𝑘𝑖 − 𝑛∑
𝑗=1

�̂�𝑗𝑖 𝐹𝑖)) 𝑒𝑖 (𝑡)

+ 𝑛∑
𝑖=1

(max
1≤𝑖≤𝑛

( 𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖)) 𝑒𝑖 (𝑡 − 𝜏) + 𝑛∑
𝑖=1

(𝑄𝑖
+ 
𝑛∑
𝑗=1

Λ 𝑖𝑗𝑃𝑗) ≤ −𝜆1𝑉 (𝑡) + 𝛽1𝑉 (𝑡 − 𝜏) + 𝐷1.
(14)

Next, if system

𝐶
0𝐷𝛼𝑡 𝑆 (𝑡) = −𝜆1𝑆 (𝑡) + 𝛽1𝑆 (𝑡 − 𝜏) + 𝐷1,(𝑆 (𝑡) ≥ 0, 𝑆 (𝑡) ∈ 𝑅) , (15)

has the same initial values with 𝑉(𝑡), then 𝐶0𝐷𝛼𝑡 𝑉(𝑡) ≤
𝐶
0𝐷𝛼𝑡 𝑆(𝑡). Using Lemma 2, we have

0 < 𝑉 (𝑡) ≤ 𝑆 (𝑡) , (∀𝑡 ∈ [0, +∞)) . (16)

By using properties of Caputo derivative, (15) is equiva-
lent to

𝐶
0𝐷𝛼𝑡 (𝑆 (𝑡) − 𝐷1) = −𝜆1 (𝑆 (𝑡) − 𝐷1)+ 𝛽1 (𝑆 (𝑡 − 𝜏) − 𝐷1) , (17)

where 𝐷1 = 𝐷1/(𝜆1 − 𝛽1). Letting 𝑆(𝑡) = 𝑆(𝑡) − 𝐷1, system
(17) becomes

𝐶
0𝐷𝛼𝑡 𝑆 (𝑡) = −𝜆1𝑆 (𝑡) + 𝛽1𝑆 (𝑡 − 𝜏) . (18)

Because 𝜆1 > 𝛽1 > 0, based on Lemma 3, we know
lim𝑡→+∞𝑆(𝑡) = 0. So

𝑆 (𝑡) = 𝑆 (𝑡) − 𝐷1 → 0, (𝑡 → +∞) . (19)

According to (16) and (19), we get ∀𝜀 > 0, ∃𝑡0, when 𝑡 > 𝑡0,
0 < 𝑉 (𝑡) ≤ 𝑆 (𝑡) ≤ 𝐷1 + 𝜀; (20)

i.e.,

𝑉 (𝑡) = 𝑛∑
𝑖=1

𝑒𝑖 (𝑡) = 𝑛∑
𝑖=1

𝑦𝑖 (𝑡) −
𝑛∑
𝑗=1

Λ 𝑖𝑗𝑥𝑗 (𝑡)≤ 𝐷1 + 𝜀 = 𝐷1𝜆1 − 𝛽1 + 𝜀 ⇐⇒‖𝑒 (𝑡)‖1 = 𝑦 (𝑡) − Λ𝑥 (𝑡)1 ≤ 𝐷1𝜆1 − 𝛽1 + 𝜀.
(21)

So, quasi-matrix projective synchronizationwith error bound𝐷1/(𝜆1−𝛽1)+𝜀 between drive system (7) and response system
(8) can be realized. This completes the proof.
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Remark 7. Substitute (11) into (8) and activate controller (11);
response system (8) becomes

𝐶
0𝐷𝛼𝑡 𝑦𝑖 (𝑡) = −𝑎𝑖(𝑦𝑖 (𝑡) − 𝑛∑

𝑗=1

Λ 𝑖𝑗𝑥𝑗 (𝑡))
+ 𝑛∑
𝑗=1

�̂�𝑖𝑗(𝑓𝑗 (𝑦𝑗 (𝑡)) − 𝑓𝑗( 𝑛∑
𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡))) + 𝑛∑
𝑗=1

𝑐𝑖𝑗
⋅ (𝑔𝑗 (𝑦𝑗 (𝑡 − 𝜏)) − 𝑔𝑗( 𝑛∑

𝑖=1

Λ 𝑗𝑖𝑥𝑖 (𝑡 − 𝜏)))
+ 𝑛∑
𝑗=1

Λ 𝑖𝑗(−𝑎𝑗𝑥𝑗 (𝑡) + 𝑛∑
𝑖=1

𝑏𝑗𝑖𝑓𝑖 (𝑥𝑖 (𝑡))
+ 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖 (𝑥𝑖 (𝑡 − 𝜏))) + 𝑑𝑖𝜂𝑖 (𝑡) − 𝑘𝑖𝑒𝑖 (𝑡) .

(22)

According to error system (12), drive system (7), and con-
trolled response system (22), we can explore the quasi-
matrix projective synchronization behaviors between frac-
tional order neural networks (7) and (8).

3.2. Fractional Quasi-Inverse-Matrix Projective Synchroniza-
tion. Next, let us define the quasi-inverse-matrix projective
synchronization.

Definition 8. Systems (7) and (8) are said to be quasi-inverse-
matrix projective synchronization with error bound 𝛿 ≥ 0, if
there exists 𝑇 ≥ 𝑡0 such that, for all 𝑡 ≥ 𝑇 and initial values𝑒𝑖(0) = 𝑥𝑖(0) − ∑𝑛𝑗=1𝑀𝑖𝑗𝑦𝑗(0), the synchronization error
satisfies ‖𝑒(𝑡)‖1 = ‖𝑥(𝑡) − 𝑀𝑦(𝑡)‖1 ≤ 𝛿, where𝑀 = (𝑀𝑖𝑗)𝑛×𝑛
means an arbitrary invertible projective matrix.

Taking Caputo derivative of both sides of error function𝑒𝑖 = 𝑥𝑖−∑𝑛𝑗=1𝑀𝑖𝑗𝑦𝑗 and substituting into (7) and (8), the error
system is

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡) = 𝐶0𝐷𝛼𝑡 𝑥𝑖 (𝑡) − 𝑛∑

𝑗=1

𝑀𝑖𝑗 𝐶0𝐷𝛼𝑡 𝑦𝑗 (𝑡) = −𝑎𝑖𝑥𝑖 (𝑡)
+ 𝑛∑
𝑗=1

𝑏𝑖𝑗𝑓𝑗 (𝑥𝑗 (𝑡)) + 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗 (𝑥𝑗 (𝑡 − 𝜏)) + 𝑑𝑖𝜉𝑖 (𝑡)
− 𝑛∑
𝑗=1

𝑀𝑖𝑗(−𝑎𝑗𝑦𝑗 (𝑡) + 𝑛∑
𝑖=1

�̂�𝑗𝑖𝑓𝑖 (𝑦𝑖 (𝑡))
+ 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖 (𝑦𝑖 (𝑡 − 𝜏)) + 𝑑𝑗𝜂𝑗 (𝑡) + 𝑢𝑗 (𝑡)) .

(23)

Constructing the control function 𝑢𝑖(𝑡),
𝑢𝑗 (𝑡) = 𝑛∑

𝑖=1

�̂�𝑗𝑖(𝑎𝑖 𝑛∑
𝑗=1

𝑀𝑖𝑗𝑦𝑗 (𝑡)
− 𝑛∑
𝑗=1

𝑏𝑖𝑗𝑓𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡))

− 𝑛∑
𝑗=1

𝑐𝑖𝑗𝑔𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡 − 𝜏)) + 𝑘𝑖𝑒𝑖 (𝑡)) + 𝑎𝑗𝑦𝑗 (𝑡)
− 𝑛∑
𝑖=1

�̂�𝑗𝑖𝑓𝑖 (𝑦𝑖 (𝑡)) − 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖 (𝑦𝑖 (𝑡 − 𝜏)) ,
(�̂� = 𝑀−1, 𝑘𝑖 > 0) ,

(24)

and substituting it into (23), error system changes to

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡)= (−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡)

+ 𝑛∑
𝑗=1

𝑏𝑖𝑗(𝑓𝑗 (𝑥𝑗 (𝑡)) − 𝑓𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡)))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗(𝑔𝑗 (𝑥𝑗 (𝑡 − 𝜏)) − 𝑔𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡 − 𝜏)))
+ 𝑑𝑖𝜉𝑖 (𝑡) − 𝑛∑

𝑗=1

𝑀𝑖𝑗𝑑𝑗𝜂𝑗 (𝑡) .

(25)

Theorem 9. Suppose Assumption 4 holds and the following
inequality is satisfied:

min
1≤𝑖≤𝑛

(𝑎𝑖 + 𝑘𝑖 − 𝑛∑
𝑗=1

𝑏𝑗𝑖 𝐹𝑖) > max
1≤𝑖≤𝑛

( 𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖) , (26)

and then drive system (7) and response system (8) with control
law (24) will achieve the quasi-inverse-matrix projective syn-
chronization with the error bound𝐷2/(𝜆2−𝛽2)+𝜀, where 𝜆2 =
min1≤𝑖≤𝑛(𝑎𝑖+𝑘𝑖−∑𝑛𝑗=1 |𝑏𝑗𝑖|𝐹𝑖), 𝛽2 = max1≤𝑖≤𝑛(∑𝑛𝑗=1 |𝑐𝑗𝑖|𝐺𝑖) and𝐷2 = ∑𝑛𝑖=1(𝑃𝑖 + |∑𝑛𝑗=1𝑀𝑖𝑗𝑄𝑗|).
Proof. Choose the Lyapunov function 𝑉(𝑡) = ∑𝑛𝑖=1 |𝑒𝑖(𝑡)|;
then 𝑉(𝑡 − 𝜏) = ∑𝑛𝑖=1 |𝑒𝑖(𝑡 − 𝜏)|. By using Lemma 1
and Assumption 4, taking Caputo derivative of 𝑉(𝑡) along
trajectory of error system (25), one can get

𝐶
0𝐷𝛼𝑡𝑉 (𝑡) = 𝐶0𝐷𝛼𝑡 ( 𝑛∑

𝑖=1

𝑒𝑖 (𝑡)) = 𝑛∑
𝑖=1

𝐶
0𝐷𝛼𝑡 𝑒𝑖 (𝑡)

≤ 𝑛∑
𝑖=1

sgn (𝑒𝑖 (𝑡)) 𝐶0𝐷𝛼𝑡 𝑒𝑖 (𝑡)
= 𝑛∑
𝑖=1

sgn (𝑒𝑖 (𝑡))((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡)
+ 𝑛∑
𝑗=1

𝑏𝑖𝑗(𝑓𝑗 (𝑥𝑗 (𝑡)) − 𝑓𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡)))
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗(𝑔𝑗 (𝑥𝑗 (𝑡 − 𝜏)) − 𝑔𝑗( 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡 − 𝜏)))
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+ 𝑑𝑖𝜉𝑖 (𝑡) − 𝑛∑
𝑗=1

𝑀𝑖𝑗𝑑𝑗𝜂𝑗 (𝑡))
≤ 𝑛∑
𝑖=1

((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡) + 𝑛∑
𝑗=1

𝑏𝑖𝑗 𝐹𝑗 𝑒𝑗 (𝑡)
+ 𝑛∑
𝑗=1

𝑐𝑖𝑗 𝐺𝑗 𝑒𝑗 (𝑡 − 𝜏)) + 𝑛∑
𝑖=1

(𝑃𝑖 + 
𝑛∑
𝑗=1

𝑀𝑖𝑗𝑄𝑗)
= 𝑛∑
𝑖=1

((−𝑎𝑖 − 𝑘𝑖) 𝑒𝑖 (𝑡) + 𝑛∑
𝑗=1

𝑏𝑗𝑖 𝐹𝑖 𝑒𝑖 (𝑡))
+ 𝑛∑
𝑖=1

𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖 𝑒𝑖 (𝑡 − 𝜏) + 𝑛∑
𝑖=1

(𝑃𝑖 + 
𝑛∑
𝑗=1

𝑀𝑖𝑗𝑄𝑗)
≤ − 𝑛∑
𝑖=1

(min
1≤𝑖≤𝑛

(𝑎𝑖 + 𝑘𝑖 − 𝑛∑
𝑗=1

𝑏𝑗𝑖 𝐹𝑖)) 𝑒𝑖 (𝑡)
+ 𝑛∑
𝑖=1

(max
1≤𝑖≤𝑛

( 𝑛∑
𝑗=1

𝑐𝑗𝑖 𝐺𝑖)) 𝑒𝑖 (𝑡 − 𝜏) + 𝑛∑
𝑖=1

(𝑃𝑖
+ 
𝑛∑
𝑗=1

𝑀𝑖𝑗𝑄𝑗) ≤ −𝜆2𝑉(𝑡) + 𝛽2𝑉 (𝑡 − 𝜏) + 𝐷2.
(27)

Then, by referring to (15)–(20) of the proof forTheorem 6,
similarly we can know

𝑉 (𝑡) = 𝑛∑
𝑖=1

𝑒𝑖 (𝑡) = 𝑛∑
𝑖=1

𝑥𝑖 (𝑡) −
𝑛∑
𝑗=1

𝑀𝑖𝑗𝑦𝑗 (𝑡)≤ 𝐷2 + 𝜀 = 𝐷2𝜆2 − 𝛽2 + 𝜀 ⇐⇒‖𝑒 (𝑡)‖1 = 𝑥 (𝑡) − 𝑀𝑦 (𝑡)1 ≤ 𝐷2𝜆2 − 𝛽2 + 𝜀.
(28)

So, quasi-inverse-matrix projective synchronization with
error bound 𝐷2/(𝜆2 − 𝛽2) + 𝜀 between drive system (7)
and response system (8) can be realized. This completes the
proof.

Remark 10. Substitute (24) into (8) and activate controller
(24); response system (8) becomes

𝐶
0𝐷𝛼𝑡 𝑦𝑖 (𝑡) = 𝑛∑

𝑗=1

�̂�𝑖𝑗(𝑎𝑗 𝑛∑
𝑖=1

𝑀𝑗𝑖𝑦𝑖 (𝑡)
− 𝑛∑
𝑖=1

𝑏𝑗𝑖𝑓𝑖( 𝑛∑
𝑗=1

𝑀𝑖𝑗𝑦𝑗 (𝑡))
− 𝑛∑
𝑖=1

𝑐𝑗𝑖𝑔𝑖( 𝑛∑
𝑗=1

𝑀𝑖𝑗𝑦𝑗 (𝑡 − 𝜏)) + 𝑘𝑗𝑒𝑗 (𝑡)) + 𝑑𝑖𝜂𝑖 (𝑡) .
(29)

Then, according to error system (25), drive system (7),
and controlled response system (29), we can explore quasi-
inverse-matrix projective synchronization behaviors between
fractional order neural networks (7) and (8).

Remark 11. According to Theorems 6 and 9, choosing larger
control parameter 𝑘, the error bound 𝐷𝑖/(𝜆𝑖 − 𝛽𝑖) + 𝜀, (𝑖 =1, 2) will become smaller. Therefore, by selecting appropriate
control parameters, the synchronization error bound can be
reduced to the required standard as small as what we need,
which is of important and practical significance in nonlinear
control and chaos synchronization for fractional order neural
network.

Remark 12. When derivate order 𝛼 = 1, systems (7) and (8)
are reduced to the integer order neural networks, from The-
orems 6 and 9 and their proof; then we can obtain the quasi-
matrix and quasi-inverse-matrix projective synchronization
criteria for the disturbed and delayed integer order neural
networks.

From the above, Theorems 6 and 9 and their proof
process constitute the quasi-matrix and quasi-inverse-matrix
projective synchronization method for synchronizing two
disturbed and delayed fractional order neural networks.
Additionally, it is particular to point out that the above two
synchronization types are of general significance. Choos-
ing different projective matrix and controller, they can
be reduced to some special synchronization cases as in
Remark 13.

Remark 13.

(1) Choosing projective matrix Λ = 𝑀 = 𝐼, systems (7)
and (8) can achieve the quasi-complete synchroniza-
tion.

(2) Choosing projective matrix Λ = 𝑀 = −𝐼, they can
achieve the quasi-antisynchronization.

(3) Choosing projective matrix Λ = 𝑐𝐼 (𝑜𝑟 𝑀 =𝑐𝐼), (𝑐 = 𝑐𝑜𝑛𝑠𝑡 𝑎𝑛𝑑 𝑐 ̸= ±1), they can achieve the
quasi-projective synchronization (or quasi-inverse
projective synchronization).

(4) Choosing projective matrix Λ = diag(𝑐1, 𝑐2, . . .,𝑐𝑛)(𝑜𝑟 𝑀 = diag(𝑐1, 𝑐2, . . . , 𝑐𝑛)), (𝑐𝑖 = 𝑐𝑜𝑛𝑠𝑡, 𝑖 =1, 2, . . . , 𝑛), they can achieve the quasi-modified pro-
jective synchronization (or quasi-inverse-modified
projective synchronization).

(5) If external disturbances 𝑑𝑖𝜉𝑖(𝑡), 𝑑𝑖𝜂𝑖(𝑡) = 0, they
can achieve the complete matrix and inverse-matrix
projective synchronization.

4. Some Applications

In this part, two numerical examples are presented to
demonstrate the effectiveness and feasibility of the proposed
theoretical results.
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Figure 1: Chaotic attractors of systems (30) and (31) at 𝛼 = 0.92. (a) 𝑥1-𝑥2 phase diagram. (b) 𝑦1-𝑦2 phase diagram.

4.1. Application to Fractional Quasi-Matrix Projective Syn-
chronization. Two nonidentical drive and response systems
are considered as

𝐶
0𝐷𝛼𝑡 𝑥𝑖 (𝑡) = −𝑎𝑖𝑥𝑖 (𝑡) + 2∑

𝑗=1

𝑏𝑖𝑗 tanh (𝑥𝑗 (𝑡))
+ 2∑
𝑗=1

𝑐𝑖𝑗 tanh (𝑥𝑗 (𝑡 − 𝜏)) + 𝑑𝑖 sin (𝑡) , (30)

𝐶
0𝐷𝛼𝑡 𝑦𝑖 (𝑡) = −𝑎𝑖𝑦𝑖 (𝑡) + 2∑

𝑗=1

�̂�𝑖𝑗 tanh (𝑦𝑗 (𝑡))
+ 2∑
𝑗=1

𝑐𝑖𝑗 tanh (𝑦𝑗 (𝑡 − 𝜏)) + 𝑑𝑖 cos (𝑡)
+ 𝑢𝑖 (𝑡) , (𝑖 = 1, 2) ,

(31)

where

𝑎1 = 3.7𝑎2 = 1.7,
(𝑏11 𝑏12𝑏21 𝑏22) = ( 2 −2−0.4 2.7) ,
(𝑐11 𝑐12𝑐21 𝑐22) = (−3.7 −2.6−1.7 −3.4) ,𝑑1 = 0.1𝑑2 = −0.2,𝑎1 = 3.7𝑎2 = 1.7,

(�̂�11 �̂�12�̂�21 �̂�22) = ( 2.1 −2.3−0.35 2.75) ,
(𝑐11 𝑐12𝑐21 𝑐22) = (−3.8 −2.65−1.8 −3.6 ) ,𝑑1 = 0.3𝑑2 = −0.4,𝜏 = 1

(32)

and 𝑢𝑖(𝑡) is the controller. In the following numerical analysis,
in order to research the chaotic synchronization between
systems (30) and (31), we will select derivative order as𝛼 = 0.92, which can make the two systems generate chaotic
attractors as shown in Figures 1(a) and 1(b) with initial
conditions [𝑥1(0), 𝑥2(0)] = [𝑦1(0), 𝑦2(0)] = [0.7, −0.2].

According to Definition 5, choosing projective matrix Λ
as

Λ = (Λ 𝑖𝑗)2×2 = (−2 10.5 −1) (33)

then error function of quasi-matrix projective synchroniza-
tion is computed as

𝑒1 = 𝑦1 − 2∑
𝑗=1

Λ 1𝑗𝑥𝑗 = 𝑦1 − (−2𝑥1 + 𝑥2) ,
𝑒2 = 𝑦2 − 2∑

𝑗=1

Λ 2𝑗𝑥𝑗 = 𝑦2 − (0.5𝑥1 − 𝑥2) . (34)

Choosing 𝑘1 = 0, 𝑘2 = 0, one can easily obtain 𝜆 =−3.35 < 0 < 𝛽 = 6.25 which obviously does not satisfy
condition (13) of Theorem 6, so the time history of errors𝑒1, 𝑒2, ‖𝑒(𝑡)‖1 cannot be limited to a bounded area as shown
in Figures 2(a) and 2(b).
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Figure 2: Quasi-matrix projective synchronization errors 𝑒1, 𝑒2 and ‖𝑒(𝑡)‖1 without controller at 𝛼 = 0.92. (a) Trajectory of errors 𝑒1, 𝑒2. (b)
Trajectory of error ‖𝑒(𝑡)‖1.

Choosing 𝑘1 = 6.35, 𝑘2 = 11.35, one can compute𝜆1 = min1≤𝑖≤2(𝑎𝑖 + 𝑘𝑖 − ∑2𝑗=1 |�̂�𝑗𝑖|𝐹𝑖) = min{7.6, 8} = 7.6,𝛽1 = max1≤𝑖≤2(∑2𝑗=1 |𝑐𝑗𝑖|𝐺𝑖) = max{5.6, 6.25} = 6.25, 𝐷1 =∑𝑛𝑖=1(𝑄𝑖 + |∑𝑛𝑗=1 Λ 𝑖𝑗𝑃𝑗|) = 1.35. By Theorem 6, quasi-matrix
projective synchronization with the estimated error bound𝛿 = 1.001 between systems (30) and (31) can be realized
where 𝐷1/(𝜆1 − 𝛽1) = 1.35/(7.6 − 6.25) = 1 and 𝜀 = 0.001.
And there exists 𝑇 ≥ 𝑡0 such that |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 1.001 for
all 𝑡 ≥ 𝑇.

If a smaller error bound needs to be controlled to 𝛿 =0.301, then the larger control parameters should be designed
as 𝑘1 = 9.5, 𝑘2 = 14.35. Next, one can calculate 𝜆1 =
min1≤𝑖≤2(𝑎𝑖 + 𝑘𝑖 − ∑2𝑗=1 |�̂�𝑗𝑖|𝐹𝑖) = min{10.75, 11} = 10.75. By
Theorem 6, the quasi-matrix projective synchronization with
the smaller error bound 𝛿 = 0.301 between systems (30) and
(31) can be realizedwhere𝐷1/(𝜆1−𝛽1) = 1.35/(10.75−6.25) =0.3 and 𝜀 = 0.001. And there exists 𝑇 ≥ 𝑡0 such that |𝑒𝑖(𝑡)| ≤‖𝑒(𝑡)‖1 < 0.301 for all 𝑡 ≥ 𝑇.

Next, numerical simulation is given to verify the analysis
of fractional quasi-matrix projective synchronization. The
initial conditions for drive system, response system, and
errors system are [𝑥1(0), 𝑥2(0)] = [𝑦1(0), 𝑦2(0)] = [0.7, −0.2]
and [𝑒1(0), 𝑒2(0), ‖𝑒(𝑡)‖1(0)] = [2.3, −0.75, 3.05]. Figures
3(a)–3(d) show the time trajectories of quasi-matrix projec-
tive synchronization with projective matrix Λ = ( −2 10.5 −1 ).
Figures 4(a)-4(b) depict the time history of synchronization
error with error bound 𝛿 = 1.001 under control parameters𝑘1 = 6.35, 𝑘2 = 11.35 and |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 1.001 can be
acquired as 𝑡 > 5𝑠. Figures 5(a)-5(b) show the time evolution
of synchronization error with a smaller error bound 𝛿 =0.301 under larger control parameters 𝑘1 = 9.5, 𝑘2 = 14.35
and |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 0.301 can be acquired as 𝑡 > 5𝑠, which
verifies Remark 11 that the larger the control parameter 𝑘, the
smaller the error bound 𝐷1/(𝜆1 − 𝛽1) + 𝜀.

4.2. Application to Fractional Quasi-Inverse-Matrix Projective
Synchronization. Two nonidentical 3-dimensional drive and
response systems are constructed as

𝐶
0𝐷𝛼𝑡 𝑥𝑖 (𝑡) = −𝑎𝑖𝑥𝑖 (𝑡) + 3∑

𝑗=1

𝑏𝑖𝑗 tanh (𝑥𝑗 (𝑡))
+ 3∑
𝑗=1

𝑐𝑖𝑗 tanh (𝑥𝑗 (𝑡 − 𝜏)) + 𝑑𝑖 sin (10𝑡) , (35)

and

𝐶
0𝐷𝛼𝑡 𝑦𝑖 (𝑡) = −𝑎𝑖𝑦𝑖 (𝑡) + 3∑

𝑗=1

�̂�𝑖𝑗 tanh (𝑦𝑗 (𝑡))
+ 3∑
𝑗=1

𝑐𝑖𝑗 tanh (𝑦𝑗 (𝑡 − 𝜏)) + 𝑑𝑖 cos (10𝑡)
+ 𝑢𝑖 (𝑡) , (𝑖 = 1, 2, 3) ,

(36)

where 𝑎1 = 2.3𝑎2 = 1.3𝑎2 = 1.9,
(𝑏11 𝑏12 𝑏13𝑏21 𝑏22 𝑏23𝑏31 𝑏32 𝑏33) = ( 2.2 −2.1 1.9−0.7 5.75 1.1−4.7 −1 1.3) ,
(𝑐11 𝑐12 𝑐13𝑐21 𝑐22 𝑐23𝑐31 𝑐32 𝑐33) = (−4.1 2.6 −3.1−1.6 −3.5 −2.50.3 1.9 1.1 ) ,
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Figure 3:Quasi-matrix projective synchronization trajectories of state variables𝑥,𝑦with control parameters 𝑘1 = 6.35, 𝑘2 = 11.35 at𝛼 = 0.92.
(a) Time history of 𝑥1, 𝑦1. (b) Time history of 𝑥2, 𝑦2. (c) Time history of −2𝑥1 + 𝑥2, 𝑦1. (d) Time history of 0.5𝑥1 − 𝑥2, 𝑦1.

𝑑1 = 0.2𝑑2 = −0.1𝑑3 = 0.1,𝑎1 = 2.3𝑎2 = 1.3𝑎3 = 1.9,
(�̂�11 �̂�12 �̂�13�̂�21 �̂�22 �̂�23�̂�31 �̂�32 �̂�33) = ( 2.1 −2.1 1.8−0.6 5.7 1−4.5 −0.9 1.2) ,

(𝑐11 𝑐12 𝑐13𝑐21 𝑐22 𝑐23𝑐31 𝑐32 𝑐33) = (−3.8 2.5 −2.8−1.5 −3.5 −2.50.5 1.8 1.3 ) ,
𝑑1 = 0.1𝑑2 = −0.1𝑑3 = 0.2,𝜏 = 0.8

(37)
and 𝑢𝑖(𝑡) is the controller. In the following numerical analysis,
in order to research the chaotic synchronization between
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Figure 4: Quasi-matrix projective synchronization errors 𝑒1, 𝑒2 and ‖𝑒(𝑡)‖1 with control parameters 𝑘1 = 6.35, 𝑘2 = 11.35 at 𝛼 = 0.92. (a)
Trajectory of errors 𝑒1, 𝑒2. (b) Trajectory of error ‖𝑒(𝑡)‖1.
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Figure 5: Quasi-matrix projective synchronization errors 𝑒1, 𝑒2 and ‖𝑒(𝑡)‖1 with control parameters 𝑘1 = 9.5, 𝑘2 = 14.35 at 𝛼 = 0.92. (a)
Trajectory of errors 𝑒1, 𝑒2. (b) Trajectory of error ‖𝑒(𝑡)‖1.
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Figure 6: Chaotic attractors of systems (35) and (36) at 𝛼 = 0.98. (a) 𝑥2-𝑥3-𝑥1 phase diagram. (b) 𝑦2-𝑦3-𝑦1 phase diagram.



Complexity 11

 t
150100500

−30

−20

−10

0

10

20

30

40
？ 1

,？
2
,？

3

？1
？2
？3

(a)

 t
1501005000

5

10

15

20

25

30

35

40

45

‖？
(Ｎ
)‖

1

(b)

Figure 7: Quasi-inverse-matrix projective synchronization errors 𝑒1, 𝑒2, 𝑒3 and ‖𝑒(𝑡)‖1 without controller at 𝛼 = 0.98. (a) Trajectory of errors𝑒1, 𝑒2, 𝑒3. (b) Trajectory of error ‖𝑒(𝑡)‖1.
systems (35) and (36), we will select derivative order as 𝛼 =0.98, which can make the two systems exhibit the chaotic
attractors as depicted in Figures 6(a) and 6(b) with initial
conditions [𝑥1(0), 𝑥2(0), 𝑥3(0)] = [𝑦1(0), 𝑦2(0), 𝑦3(0)] =[2.2, −0.3, 0.4].

According to Definition 8, selecting the projective matrix𝑀 and its inverse-matrix𝑀−1 as
𝑀 = (𝑀𝑖𝑗)3×3 = (−0.5 1 21 0.5 11 −1 2) ,

𝑀−1 = (−0.4 0.8 00.2 0.6 −0.50.3 −0.1 0.25) ,
(38)

then error function of quasi-inverse-matrix projective syn-
chronization is computed as

𝑒1 = 𝑥1 − 3∑
𝑗=1

𝑀1𝑗𝑦𝑗 = 𝑥1 − (−0.5𝑦1 + 𝑦2 + 2𝑦3) ,
𝑒2 = 𝑥2 − 3∑

𝑗=1

𝑀2𝑗𝑦𝑗 = 𝑥2 − (𝑦1 + 0.5𝑦2 + 𝑦3) ,
𝑒3 = 𝑥3 − 3∑

𝑗=1

𝑀3𝑗𝑦𝑗 = 𝑥3 − (𝑦1 − 𝑦2 + 2𝑦3) .
(39)

Choosing 𝑘1 = 0, 𝑘2 = 0, 𝑘3 = 0, one can easily obtain𝜆 = −7.55 < 0 < 𝛽 = 8 which does not satisfy condition (26)
of Theorem 9, so the time history of error ‖𝑒(𝑡)‖1 cannot be
limited to a bounded area as shown in Figures 7(a) and 7(b).

Choosing 𝑘1 = 16.3, 𝑘2 = 19.55, 𝑘3 = 15.4, one
can compute 𝜆2 = min1≤𝑖≤3(𝑎𝑖 + 𝑘𝑖 − ∑3𝑗=1 |�̂�𝑗𝑖|𝐹𝑖) =
min(11, 12, 13) = 11, 𝛽2 = max1≤𝑖≤3(∑3𝑗=1 |𝑐𝑗𝑖|𝐺𝑖) =
max(6, 8, 6.7) = 8, 𝐷2 = ∑𝑛𝑖=1(𝑃𝑖 + |∑𝑛𝑗=1𝑀𝑖𝑗𝑄𝑗|) = 1.5.
By Theorem 9, the quasi-inverse-matrix projective synchro-
nization with the estimated error bound 𝛿 = 0.501 between
systems (35) and (36) can be realized where 𝐷2/(𝜆2 − 𝛽2) =1.5/(11−8) = 0.5 and 𝜀 = 0.001. And there exists 𝑇 ≥ 𝑡0 such
that |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 0.501 for all 𝑡 ≥ 𝑇.

If a smaller error bound needs to be controlled to 𝛿 =0.301, then larger control parameters should be designed as𝑘1 = 18.3, 𝑘2 = 32.55, 𝑘3 = 25.4. Next, one can calculate𝜆2 = min1≤𝑖≤3(𝑎𝑖 + 𝑘𝑖 − ∑3𝑗=1 |�̂�𝑗𝑖|𝐹𝑖) = min{13, 25, 23} = 13.
By Theorem 9, the quasi-inverse-matrix projective synchro-
nization with the smaller estimated error bound 𝛿 = 0.301
between systems (35) and (36) is realized where 𝐷2/(𝜆2 −𝛽2) = 1.5/(13 − 8) = 0.3 and 𝜀 = 0.001. And there exists𝑇 ≥ 𝑡0 such that |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 0.301 for all 𝑡 ≥ 𝑇.

Next, numerical simulation is given to verify the analysis
of fractional quasi-inverse-matrix projective synchroniza-
tion. The initial conditions for drive-response system and
error system are [𝑥1(0), 𝑥2(0), 𝑥3(0)] = [𝑦1(0), 𝑦2(0), 𝑦3(0)] =[2.2, −0.3, 0.4] and [𝑒1(0), 𝑒2(0), 𝑒3(0), ‖𝑒(𝑡)‖1(0)] = [2.8,−2.75, −2.9, 8.45]. Figures 8(a)–8(f) show the time trajec-
tories of synchronization for systems (35) and (36) with
projective matrix 𝑀 = ( −0.5 1 21 0.5 1

1 −1 2
). Figures 9(a)-9(b) depict

the time history of synchronization error with error bound𝛿 = 0.501 under control parameters 𝑘1 = 16.3, 𝑘2 =19.55, 𝑘3 = 15.4 and |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 0.501 can be acquired
as 𝑡 > 5𝑠. Figures 10(a)-10(b) show the time evolution of
synchronization error with a smaller error bound 𝛿 = 0.301
under larger control parameters 𝑘1 = 18.3, 𝑘2 = 32.55, and𝑘3 = 25.4 and |𝑒𝑖(𝑡)| ≤ ‖𝑒(𝑡)‖1 < 0.301 can be acquired as𝑡 > 5𝑠, which also verifies Remark 11.
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Figure 8: Quasi-inverse-matrix projective synchronization trajectories of state variables 𝑥, 𝑦 with control parameters 𝑘1 = 16.3, 𝑘2 = 19.55,
and 𝑘3 = 15.4 at 𝛼 = 0.98. (a) Time history of 𝑥1, 𝑦1. (b) Time history of 𝑥2, 𝑦2. (c) Time history of 𝑥3, 𝑦3. (d) Time history of 𝑥1, −0.5𝑦1 +𝑦2 + 2𝑦3. (e) Time history of 𝑥2, 𝑦1 + 0.5𝑦2 + 𝑦3. (f) Time history of 𝑥3, 𝑦1 − 𝑦2 + 2𝑦3.
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Figure 9: Quasi-inverse-matrix projective synchronization errors 𝑒1, 𝑒2, 𝑒3 and ‖𝑒(𝑡)‖1 with control parameters 𝑘1 = 16.3, 𝑘2 = 19.55, and𝑘3 = 15.4 at 𝛼 = 0.98. (a) Trajectory of errors 𝑒1, 𝑒2, 𝑒3. (b) Trajectory of error ‖𝑒(𝑡)‖1.
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Figure 10: Quasi-inverse-matrix projective synchronization errors 𝑒1, 𝑒2, 𝑒3 and ‖𝑒(𝑡)‖1 with control parameters 𝑘1 = 18.3, 𝑘2 = 32.55, and𝑘3 = 25.4 at 𝛼 = 0.98. (a) Trajectory of errors 𝑒1, 𝑒2, 𝑒3. (b) Trajectory of error ‖𝑒(𝑡)‖1.
5. Conclusions

For synchronizing two nonidentical delayed and disturbed
fractional order neural networks, the paper proposes the
quasi-matrix and quasi-inverse-matrix projective synchro-
nization and establishes their synchronization criteria. By
selecting appropriate control parameters, the synchroniza-
tion error bound is obtained and can be reduced to the
required standard as small as what we need, which is of
important significance to practical problem. Two numerical
examples verify the feasibility of synchronization analysis.
Simply put, Definitions 5 and 8, Theorems 6 and 9 and
their proofs, and synchronization analysis of two numerical
examples are all new work.

This research extends the projective scaling factor to an
arbitrary constant matrix and offers a general approach for
synchronizing the delayed and disturbed fractional order
neural network. Evidently, fractional quasi-matrix and quasi-
inverse-matrix projective synchronization can guarantee
faster and safer image encryption and text encryption in
communication and provide new insights for researching the
fractional order neural network, which is a meaningful work.
The complex-valued neural network with time delay, which
is a more general neural network system, is becoming more
and more popular, and its finite time stability, boundedness,
global robust stability, and global exponential stability have
been well researched in [22, 28, 40, 47–51]. So, in future
works, by using adaptive control method and sliding mode
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control method, we will generalize our main results to quasi-
matrix and quasi-inverse-matrix projective synchronization
for delayed fractional order complex-variable neural net-
works, fractional ordermemristor-based neural network, and
fractional order neural network with unknown parameters.
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[2] I. Petráš, Fractional-Order Nonlinear Systems, Springer, Berlin,
Germany, 2011.

[3] I. M. Stamova, “On the Lyapunov theory for functional differ-
ential equations of fractional order,”Proceedings of the American
Mathematical Society, vol. 144, no. 4, pp. 1581–1593, 2016.

[4] G.-C. Wu, D. Baleanu, and L.-L. Huang, “Novel Mittag-Leffler
stability of linear fractional delay difference equations with
impulse,” Applied Mathematics Letters, vol. 82, pp. 71–78, 2018.

[5] G.-C. Wu, D. Baleanu, and W.-H. Luo, “Lyapunov functions
for Riemann-Liouville-like fractional difference equations,”
Applied Mathematics and Computation, vol. 314, pp. 228–236,
2017.

[6] J.-M. He and F.-Q. Chen, “A new fractional order hyperchaotic
Rabinovich system and its dynamical behaviors,” International
Journal of Non-Linear Mechanics, vol. 95, pp. 73–81, 2017.

[7] J. He and F. Chen, “Dynamical analysis of a new fractional-
order Rabinovich system and its fractional matrix projective
synchronization,” Chinese Journal of Physics, vol. 56, no. 5, pp.
2627–2637, 2018.

[8] J. He, F. Chen, and T. Lei, “Fractional matrix and inverse
matrix projective synchronization methods for synchronizing
the disturbed fractional-order hyperchaotic system,” Mathe-
matical Methods in the Applied Sciences, vol. 41, no. 16, pp. 6907–
6920, 2018.

[9] D. Baleanu, M. Inc, A. Yusuf, and A. I. Aliyu, “Time fractional
third-order evolution equation: symmetry analysis, explicit
solutions, and conservation laws,” Journal of Computational and
Nonlinear Dynamics, vol. 13, Article ID 021011, 2017.

[10] S.-K. Luo, J.-M. He, Y.-L. Xu, and X.-T. Zhang, “Fractional
generalized Hamilton method for equilibrium stability of
dynamical systems,” Applied Mathematics Letters, vol. 60, pp.
14–20, 2016.

[11] J.-M. He, Y.-L. Xu, and S.-K. Luo, “Stability for manifolds of
the equilibrium state of fractional Birkhoffian systems,” Acta
Mechanica, vol. 226, no. 7, pp. 2135–2146, 2015.

[12] A. Jajarmi, M. Hajipour, E. Mohammadzadeh, and D. Baleanu,
“A new approach for the nonlinear fractional optimal control
problems with external persistent disturbances,” Journal of �e
Franklin Institute, vol. 355, no. 9, pp. 3938–3967, 2018.

[13] C. D. Huang, L. M. Cai, and J. D. Cao, “Linear control
for synchronization of a fractional-order time-delayed chaotic
financial system,” Chaos, Solitons and Fractals, vol. 113, pp. 326–
332, 2018.

[14] X.-J. Yang and J. A. Machado, “A new fractional operator of
variable order: application in the description of anomalous
diffusion,” Physica A: Statistical Mechanics and its Applications,
vol. 481, pp. 276–283, 2017.

[15] A. Kiani-B, K. Fallahi, N. Pariz, andH. Leung, “A chaotic secure
communication scheme using fractional chaotic systems based
on an extended fractional Kalman filter,” Communications in
Nonlinear Science and Numerical Simulation, vol. 14, no. 3, pp.
863–879, 2009.

[16] X. Xu, Z. Qiao, and Y. Lei, “Repetitive transient extraction
for machinery fault diagnosis using multiscale fractional order
entropy infogram,” Mechanical Systems and Signal Processing,
vol. 103, pp. 312–326, 2018.

[17] D. Baleanu, A. Jajarmi, E. Bonyah, and M. Hajipour, “New
aspects of poor nutrition in the life cycle within the fractional
calculus,” Advances in Difference Equations, vol. 2018, no. 230,
14 pages, 2018.

[18] E. Ahmed, A. M. A. El-Sayed, and H. A. A. El-Saka, “Equi-
librium points, stability and numerical solutions of fractional-
order predator-prey and rabies models,” Journal of Mathemati-
cal Analysis and Applications, vol. 325, no. 1, pp. 542–553, 2007.

[19] R. P. Meilanov, M. R. Shabanova, and E. N. Akhmedov, “Some
peculiarities of the solution of the heat conduction equation in
fractional calculus,” Chaos, Solitons & Fractals, vol. 75, pp. 29–
33, 2015.

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

[21] 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.

[22] C. Huang, J. Cao, M. Xiao, A. Alsaedi, and T. Hayat, “Bifurca-
tions in a delayed fractional complex-valued neural network,”
Applied Mathematics and Computation, vol. 292, pp. 210–227,
2017.

[23] H.-L. Li, C. Hu, Y.-L. Jiang, L. Zhang, and Z. Teng, “Global
Mittag–Leffler stability for a coupled system of fractional-
order differential equations on networkwith feedback controls,”
Neurocomputing, vol. 214, pp. 233–241, 2016.

[24] H. Zhang, R. Ye, J. Cao, and A. Alsaedi, “Existence and globally
asymptotic stability of equilibrium solution for fractional-order
hybrid BAM neural networks with distributed delays and
impulses,” Complexity, vol. 2017, Article ID 6875874, 13 pages,
2017.

[25] S. Zhang, Y. Yu, and H. Wang, “Mittag-Leffler stability of
fractional-orderHopfield neural networks,”Nonlinear Analysis:
Hybrid Systems, vol. 16, pp. 104–121, 2015.

[26] S. Liang, R. Wu, and L. Chen, “Comparison principles and
stability of nonlinear fractional-order cellular neural networks
with multiple time delays,” Neurocomputing, vol. 168, pp. 618–
625, 2015.



Complexity 15

[27] X. Yang, C. Li, Q. Song, J. Chen, and J. Huang, “Global Mittag-
Leffler stability and synchronization analysis of fractional-
order quaternion-valued neural networks with linear threshold
neurons,” Neural Networks, vol. 105, pp. 88–103, 2018.

[28] L. Wang, Q. Song, Y. Liu, Z. Zhao, and F. E. Alsaadi, “Finite-
time stability analysis of fractional-order complex-valued
memristor-based neural networks with both leakage and time-
varying delays,” Neurocomputing, vol. 245, pp. 86–101, 2017.

[29] H. Wang, Y. Yu, G. Wen, S. Zhang, and J. Yu, “Global stability
analysis of fractional-orderHopfield neural networks with time
delay,” Neurocomputing, vol. 154, pp. 15–23, 2015.

[30] I. Stamova, “Global Mittag-Leffler stability and synchroniza-
tion of impulsive fractional-order neural networks with time-
varying delays,” Nonlinear Dynamics, vol. 77, no. 4, pp. 1251–
1260, 2014.

[31] J. Fei and X. Liang, “Adaptive backstepping fuzzy-neural-
network fractional order control of microgyroscope using
nonsingular terminal sliding mode controller,” Complexity, vol.
2018, Article ID 5246074, 12 pages, 2018.

[32] S. Liang, R. Wu, and L. Chen, “Adaptive pinning synchroniza-
tion in fractional-order uncertain complex dynamical networks
with delay,” Physica A: Statistical Mechanics and its Applications,
vol. 444, pp. 49–62, 2016.

[33] W. Zhang, J. Cao, A. Alsaedi, and F. E. Alsaadi, “New methods
of finite-time synchronization for a class of fractional-order
delayed neural networks,” Mathematical Problems in Engineer-
ing, vol. 2017, Article ID 1804383, 9 pages, 2017.

[34] W. He, F. Qian, J. Lam, G. Chen, Q.-L. Han, and J. Kurths,
“Quasi-synchronization of heterogeneous dynamic networks
via distributed impulsive control: error estimation, optimiza-
tion and design,” Automatica, vol. 62, pp. 249–262, 2015.

[35] X. Yang, C. Li, T. Huang, Q. Song, and X. Chen, “Quasi-
uniform synchronization of fractional-order memristor-based
neural networks with delay,”Neurocomputing, vol. 234, pp. 205–
215, 2017.

[36] L. P. Chen, R. C. Wu, J. Cao, and J.-B. Liu, “Stability and
synchronization of memristor-based fractional-order delayed
neural networks,” Neural Networks, vol. 71, pp. 37–44, 2015.

[37] H. Bao, J. H. Park, and J. Cao, “Adaptive synchronization of
fractional-order memristor-based neural networks with time
delay,” Nonlinear Dynamics, vol. 82, no. 3, pp. 1343–1354, 2015.

[38] X. Huang, Y. Fan, J. Jia, Z.Wang, andY. Li, “Quasi-synchronisa-
tion of fractional-order memristor-based neural networks with
parametermismatches,” IET Control �eory &Applications, vol.
11, no. 14, pp. 2317–2327, 2017.

[39] Y. Fan, X. Huang, Z.Wang, andY. Li, “Improved quasi-synchro-
nization criteria for delayed fractional-order memristor-based
neural networks via linear feedback control,” Neurocomputing,
vol. 306, pp. 68–79, 2018.

[40] X. Yang, C. Li, T. Huang, Q. Song, and J. Huang, “Synchro-
nization of fractional-order memristor-based complex-valued
neural networks with uncertain parameters and time delays,”
Chaos, Solitons & Fractals, vol. 110, pp. 105–123, 2018.

[41] H. Wu, L. Wang, Y. Wang, P. Niu, and B. Fang, “Global mittag-
leffler projective synchronization for fractional-order neural
networks: an lmi-based approach,”Advances inDifference Equa-
tions, vol. 132, pp. 1–18, 2016.

[42] H.-B. Bao and J.-D. Cao, “Projective synchronization of
fractional-order memristor-based neural networks,” Neural
Networks, vol. 63, pp. 1–9, 2015.

[43] G. Velmurugan and R. Rakkiyappan, “Hybrid projective syn-
chronization of fractional-order memristor-based neural net-
works with time delays,” Nonlinear Dynamics, vol. 83, no. 1-2,
pp. 419–432, 2016.

[44] Y. Gu, Y. Yu, and H. Wang, “Projective synchronization for
fractional-order memristor-based neural networks with time
delays,” Neural Computing and Applications, pp. 1–16, 2018.

[45] W. Zhang, J. Cao, R. Wu, A. Alsaedi, and F. E. Alsaadi,
“Projective synchronization of fractional-order delayed neural
networks based on the comparison principle,” Advances in
Difference Equations, vol. 2018, no. 73, 2018.

[46] H. Wu, L. Wang, P. Niu, and Y. Wang, “Global projective
synchronization in finite time of nonidentical fractional-order
neural networks based on sliding mode control strategy,”
Neurocomputing, vol. 235, pp. 264–273, 2017.

[47] Q. Xu, X. Xu, S. Zhuang, J. Xiao, C. Song, and C. Che,
“New complex projective synchronization strategies for drive-
response networks with fractional complex-variable dynamics,”
Applied Mathematics and Computation, vol. 338, pp. 552–566,
2018.

[48] S. Yang, J. Yu, C. Hu, and H. Jiang, “Quasi-projective synchro-
nization of fractional-order complex-valued recurrent neural
networks,” Neural Networks, vol. 104, pp. 104–113, 2018.

[49] Q. Song, H. Yan, Z. Zhao, and Y. Liu, “Global exponential
stability of impulsive complex-valued neural networks with
both asynchronous time-varying and continuously distributed
delays,” Neural Networks, vol. 81, pp. 1–10, 2016.

[50] Q. Song, H. Yan, Z. Zhao, and Y. Liu, “Global exponential
stability of complex-valued neural networks with both time-
varying delays and impulsive effects,” Neural Networks, vol. 79,
pp. 108–116, 2016.

[51] Q. Song, Q. Yu, Z. Zhao, Y. Liu, and F. E. Alsaadi, “Boundedness
and global robust stability analysis of delayed complex-valued
neural networks with interval parameter uncertainties,” Neural
Networks, vol. 103, pp. 55–62, 2018.



Hindawi
www.hindawi.com Volume 2018

Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Problems 
in Engineering

Applied Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Probability and Statistics
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi
www.hindawi.com Volume 2018

Optimization
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Engineering  
 Mathematics

International Journal of

Hindawi
www.hindawi.com Volume 2018

Operations Research
Advances in

Journal of

Hindawi
www.hindawi.com Volume 2018

Function Spaces
Abstract and 
Applied Analysis
Hindawi
www.hindawi.com Volume 2018

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018Volume 2018

Numerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical Analysis
Advances inAdvances in Discrete Dynamics in 

Nature and Society
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

Di�erential Equations
International Journal of

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Decision Sciences
Advances in

Hindawi
www.hindawi.com Volume 2018

Analysis
International Journal of

Hindawi
www.hindawi.com Volume 2018

Stochastic Analysis
International Journal of

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

