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Abstract—Using recurrent high order neural networks for
identification, a new scheme for pinning control of complex
networks with changing unknown coupling strengths is proposed
for achieving synchronization. The robust behavior of the control
system is investigated via simulations.

I. INTRODUCTION

Complex dynamical networks have received a great deal of
attention since the publication of the seminal articles ([1],[2]
and [3]). Complex systems and networks are used to model
and analyze processes and phenomena consisting of interacting
elements named nodes, and to control their global and/or indi-
vidual behaviors ([4], [S] and [6]). Their possible applications
are in diverse fields, from biological and chemical systems to
electronic circuits and social networks [5]. The models used
to describe complex networks in the continuous-time settings
are derived from graph theory and other frameworks such as
the Kuramoto model of linear coupling oscillators [7]. Models
have been developed with different structures and coupling
characteristics like the small-world model [1], the E-R random
graph model [8] and the scale-free model [9].
Synchronization is a process wherein many identical or differ-
ent systems adjust a given property of their motions throughout
to a suitable coupling strength configuration, or forced by an
external input [10], [11]. The emergence of collective and
synchronized dynamics in a large network of coupled units has
been investigated since the beginning of the 1990 in different
contexts and in various fields, ranging from biology and ecol-
ogy to semiconductor lasers to electronic circuits [5]. There
are many events where synchronization is a desirable feature;
examples include identical oscillators in cardiac peacemaker
cells or waves propagation in the brain [2]. Results have
demonstrated that synchronization takes place only if some
structural and coupling conditions are fulfilled. One example
is the master stability function [12]; another is the Wu-Chua
conjecture, which correlates the coupling strength with the
structural Laplacian matrix [13]. To guarantee synchronization,
efficient control techniques may be applied [6].
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The basic idea of pinning control is to utilize the network
structure to contribute to its regulation; to this end a local
control action is applied to a small number of nodes [14],
[15]. How many and which nodes to select is still the key
problem. Comparations between random and specific pinning
have been investigated, for different topologies ([16], [12] and
[13]). Measures like degree distribution, clustering coefficient,
average shortest path length, efficiency, betweness, coreness
and asorativity have been used to characterize the importance
of nodes and their neighborhoods. In order to find the best
selection of pinned nodes to guarantee a desired behavior for
the whole network [5], in this work we focus on the degrees
of the nodes.

Most studies focus on stabilization control, where weights
or coupling strengths between nodes are considered as an
equal and fixed value for all links; other studies consider the
coupling strengths as adaptive variables [13], [17]. On the
other hand, the coupling strengths for a real network could
be unknown, and might change over time. The change of
the coupling strengths has been rarely studied. Consequently,
the problem presented in this paper is the design of a robust
control law which guarantees stability for nonlinear systems
coupled by a complex network in the presence of non-modeled
dynamics of the nodes with changes in coupling strengths.
Adaptive neural control schemes could offer a solution for
the problem described above. Artificial neural networks have
become an useful tool for control engineering thanks to their
applicability on modeling, state estimation and control of
nonlinear systems ([18] and [19]). Using neural networks,
control algorithms can be developed to be robust against
uncertainties, modeling errors and parameter changes. Neural
networks consist of a number of interconnected processing
elements (neurons). The way in which the neurons are inter-
connected determines its structure [19].

Since the publication of [20], there has been continuously
increasing interest in applying neural networks to identification
and control of nonlinear systems. Lately, the use of recurrent
neural networks is being developed, which allows more effi-
cient modeling [18], [21]. Three representative books ([22],
[19] and [23]) have reviewed the applications of recurrent
neural networks to nonlinear system identification and control.
In particular, while [22] uses off-line learning, [19] analyzes
adaptive identification and control by means of on-line learn-
ing, where stability of the closed-loop system is established
based on the Lyapunov methodology. In [19], trajectory track-



ing is reduced to a linear model-following problem, with
application to DC electric motors. In [23], analysis of recurrent
neural networks for identification, estimation and control is
developed, with applications to chaos, robotics and chemical
processes control.

Chaotic attractors have been used to demonstrate the ef-
fectiveness of pinning control schemes in simulations and
implementations due to their special characteristics [24]. Dif-
ferent techniques have been proposed to achieve chaos control
[25]; including for instance, linear state space feedback [26],
Lyapunov methods [27], adaptive control [28], linear matrix
inequalities [29] and bang-bang control [30], among others.
Most of the chaos control methods have the disadvantage of
requiring the system parameters to be known; artificial neural
networks provide as a solution to this problem. In this paper,
we propose an identification and control scheme based on
recurrent high order neural networks (RHONN) for pinning
control of weighted complex networks with unknown node
dynamics. The paper is organized as follows: in section II,
preliminaries are given; sections III presents a neural network
identification scheme for pinned nodes in a complex network
and a control scheme for stabilizing control of the complex
network, followed by a simulation study in section IV. Finally,
conclusions are drawn in section V. A preliminary version of
this paper was presented earlier in a conference [31].

II. FUNDAMENTALS
A. Preliminaries

Throughout this paper, R, R”, RV*¥ stand for spaces of
real numbers, n-dimensional vectors and /N x N-dimensional
matrices; || - || denotes the Euclidean norm; I,, stands for the
n X n identity matrix.

Definition 1: [12] The Kronecker product of two matrices
A and B is

allB almB

A®B=

an1 B Anm B

where if A is an n X m matrix and B is a p X ¢ matrix, then
A ® B is an np X mq matrix.
Definition 2: [12] The product A ® f(x;,t) is defined by

arf(xr,t) +araf(z2,t) + -+ arm f(Tm, t)

anlf(xht) + aan(!EQ,.t) + -+ anmf(mmat)

where if A is an n X m matrix and f is a p X 1 function, then
A® f(x;,t) is a np x 1 vector.

Definition 3: [12] Matrix A is reducible if there exists a
permutation matrix P such that PAP” is of the form (5 ),
where B and D are square matrices. Matrix A is irreducible
if it is not reducible.

[12] If @ is a real symmetric matrix the set Y consisting of
all matrices with zero row sums, which have only nonpositive
off-diagonal elements, then @ is positive semi-definite and has

a zero eigenvalue associated with the eigenvector (1,1,...,1).
Furthermore, @ can be decomposed as Q = M 7™ M, where M
is a matrix in a class of matrices such that its row ¢ consists
of all zeros except one entry [3; and one entry —f; for some
nonzero (3;. Furthermore, if @) is irreducible, then the zero
eigenvalue has multiplicity 1.

Definition 4: [12] A function &: R™ x R — R" is uniformly
increasing if there exists @ > 0 such that for all z, v, ¢,

(z =) PE(.) —£@,1) 2 0l —yI* (D)

Definition 5: [12] Given a square matrix V/, a function &:
R™ x R — R”™ is V-uniformly increasing if V¢ is uniformly
increasing.

Definition 6: [12] A function & R™ x R — R™ is (V-
uniformly) decreasing if —¢ is (V-uniformly) increasing.

Corollary 1: [32] Let £ = 0 be an equilibrium point for a
nonlinear system of the form & = f(x,t). Let V : R” - R
be a continuously differentiable, radially unbounded, positive
definite function, such that V(;v) < 0 for all x € R™. Let
S = {x € R" | V(z) = 0} and suppose that no solution can
stay permanently in S, except the trivial solution. Then, the
origin is globally asymptotically stable.

B. Complex Networks

This subsection is taken from ([12] and [13]).
In general, a complex network with N identical linearly
and diffusively coupled nodes, with each node being an n-
dimensional dynamical system can be described as follows:

N

ii = f(l‘,) —+ Z cijaijf(xj — IZ) 7= 1,2, . .,N (2)
j=1,j#i

where z; = (x1,72,...,2,)7 € R™ is the state vector of

node 14, the constant ¢;; > 0 represents the coupling strength

between node ¢ and node j, I' = (y,9) € R™" is a

matrix linking coupled variables, and if some pairs (p,q),
1 < p,q < n, has vpq # 0, it means two coupled nodes are
linked through their pth and gth state variables, respectively.
In network (2), the coupling matrix A = (a;;) € RV*V
represents the structural configuration of the network, which
is assumed in this paper to be a scale-free network described
by the BAA model [12]. If there is a connection between
node ¢ and node j (¢ # j), then a;; = a;; = 1; otherwise,
ai; = aj;; = 0 (¢ # j). The degree k; of node 7 is
defined to be the number of its outreaching connections, and
Z;V:I,j;éi ajj = ZjN:I,j;éi aj; = k; fort=1,2,...,N. Let the
diagonal elements of A be a;; = —k;, i =1,2,..., N. Then,
the coupling matrix A is symmetric and the matrix —A is in
T. Let T; be the subset consisting of all irreducible matrices
in Y.

Assume the network is connected in the sense of having no
isolated clusters. Then, the symmetric coupling matrix A is
irreducible. From Lemma 1, zero is an eigenvalue of —A
with multiplicity 1, and other eigenvalues of —A are strictly
positive.

Let z(t) be a solution of an isolated node of the network,
which is assumed to exist and to be unique, satisfying

iy = f(xs) 3)



where x4 is an homogeneous equilibrium point.
The objective is to obtain a pinning control scheme which
synchronize the entire network (2) to x5 on the manifold

f(ms) =0 4)

X1 =T =...=TN =Tg

To achieve (4), the pinning control strategy is applied on a
small fraction §(0 < § < 1) of the nodes in network (2).
Suppose that nodes 41, io, ..., are selected, where [ = [0 N]
stands for the smaller but nearest integer to the real number
ON. This controlled network is described as

N
Bio= flent) =Y giTe; +u
j=1
1=1,2,...1 4)
i = flat) - Zgijrxj
Jj=1
i=l+1,...,N (6)
where g;; = —c;j;a;5, and the coupling strength c;; satisfies
N
CiiQii + Z cijaij =0 )
Jj=1,j#i

Without loss of generality, we rearrange the order of nodes in
the network such that the pinned nodes 7 = 1,2, ...[, are the
first [ nodes in the rearranged network.
The following local linear negative feedback control law is
used:

U; = _Ciidir(xi - xs) ®)

where the feedback gain d; > 0,i=1,2,...,1.
Define the following matrices:
D =
D =

diag(Clldl,CQQdQ,...C”dh()’“_’o) GRNXN 9)
diag(dy,ds, ...d;, 0, ...,0) € RV*N (10)
Substituting (8) into ((5) and (6)), one can re-arrange the

controlled network and write it by using the Kronecker product
as

X =Iny®[f(zi,t)] - [(G+ D) @T]X + (D' ®@T)X (11)

where X = (27, 2T,... 2T)7, and the elements g;; of the
symmetric irreducible matrix G = (g;;) € RNV*Y are defined
as g;; = —Ci5Q45.

It is easy to see that GG is positive semi-definite, and G + D’
is positive definite with the minimal eigenvalue o,,;,(G +
D’y > 0. [12]. Assume that f(x;) is Lipschitz continuous
in z with a Lipschitz constant L{ > 0. If T is symmetric
and positive definite, then the controlled network (5 and 6) is
globally stable about the homogenous state x4, provided that

f
aiif()r) > ( such that

(L)
Omin (F)
where 0, (') and 04,5, (G4 D) are the minimal eigenvalues

of matrices I" and G + D’, respectively. [12]. Assume that the
node &; = f(x;) is chaotic for all ¢ = 1,2,..., N, with the

Omin(G+D") > (12)

maximum positive Lyapunov exponent N,,q, > 0. If ¢;; =
¢, d; = e¢d and I' = I,,, then the controlled network (11)
is locally asymptotically stable on the homogenous state g,
provided that

hmaz

¢ oAt diag(d,...,d,0,...,0)

13)

where 0,,;, stands for the minimal eigenvalue of the matrix.

C. Recurrent Higher-Order Neural Networks

In a recurrent neural network, the outputs of a neuron are
feedback to the same neuron or some neurons in the preceding
layers. Signals flow in forward and backward directions [33].
Artificial recurrent neural networks are mostly based on the
Hopfield model [34].

In [35], Recurrent Higher-Order Neural Networks (RHONN)
are defined as

L

. S

Xi=—Xixi+ Y _wi [] yjj(ﬁ)
=1 jely

i=1,2,...n (14

where ; is the ith neuron state, L is the number of higher-
order connections, {I1,Is,...,I;} is a collection of non-
ordered subsets of {1,2,....m + n}, A; > 0, wj are the
adjustable weights of the neural network, d;(«) are nonnegative
integers, and y is a vector defined by

Y= (Yoo Yrs Untts oo Ynkm) -

= [S(Xil),...,S(Xm),S(uil),...,S(uim)] (15)

with u; = [u;1, 42, ..., U] being the input to the neural net-
work and with a smooth sigmoid function S(;) = He%ﬁx—i—e,
in which f is a positive constant and ¢ is a small positive real
number, so, S(x;) € [€,€ + 1]. As can be seen, (15) includes
higher-order terms.

By defining a vector

Z(szui) = [Zl(Xi7Ui>7---7ZL(Xi>Ui)]T
5i(1 5i(2 5i(L
= [Hjellyj‘( )7Hj€I2yjj( )7"'7Hj€ILyj]( 4k
(16)
(14) ROHNN can be written as
Xi = —Aixi + wlz(xi, ug) i=1,...,n (17)
where w; = [wj 1, wi72...wi7L]T. In this paper, consider

If the RHONN is affine in the control, then reformulating (17)
in a matrix form yields
Xi = Axi + Wiz(xi) + Wiguy (19)

where y; € R?, W; € R™*L, Wig € R™ ", z(x;) € RL,
u; € R™, and A = —\I,, with X\ > 0.



Inverse
optimal
control law

Reference
system

Pinned
Node 7
1<i<]

Fig. 1. Control diagram

III. THE IDENTIFICATION AND CONTROL SCHEME

In this section, an adaptive control scheme (Fig. 1) is
proposed. It is composed by a recurrent neural identifier and a
controller for the pinned nodes in the complex network, where
the former is used to build an on-line model for the unknown
plant and the later to force the unknown node dynamics to
converge to an equilibrium point.

A. Neural Identifier

In this subsection, a neural network identifier for unknown
pinned nodes is designed. Without losts of generality, proceed
with only one pinned node according to [36]. The weight
adaptation law is taken from ([19] and [35]). Under the
assumption that all the states are available for measurement
and use, a recurrent neural network is designed for on-line
identification of the unknown ith node system (¢ = 1,2, ...,1).
Consider the unknown nonlinear plant for the ith pinned node
as

Fi(zi,u;) = f(wi,t) — Z

N
T, =

gi
j=1

f(l‘i, t) + gl(xi, t)d + g2(xi, t)
in accordance with [33].
Taking into account that f(x;) is unknown, with z; available
for measurement, one can model (20) by a recurrent neural
network as in (19).

Assumption 1: [12]. For the given nonlinear f(x), there is a
matrix 7" such that f(z) + Tz is V-uniformly decreasing for
some symmetric and positive definite matrix V.

Now, we propose the following recurrent neural network in a
Series-Parallel structure:

T () + s
u;

(20)

where W; are the values of the on-line estimated network
weights, which minimize the modeling error w;e,-.
Assumption 2: [33] For every bounded state x; and for every
bounded w;; € W;, the system (21) is bounded.
Assumption 3: [33]. The given node dynamics can be
completely described, without any modelling error, by the
neural network of the form

i = Azi + W} z(2:) + u; (22)

where WW;* are the constant weights to be determined and all
other elements are as defined above.
Then, we define the identification error as e; = x; — x;, whose

dynamics satisfy

€& = Xi— Iy
& = Aei+ Wiz(x;) + Wier (23)
W, = W,—W;
Select the weight adaptation law as in [19], namely,
tr {WiTWi} — el Wiz () (24)
which has elements as
u')jJ = —'yeiTiWiz(mi) (25)
i=1,2,...n j=1,2,...,L
With this adaptation law, the modeling error we, = —pwer

with p > 0 will converge to zero. For the respective stability
analysis on (23), we refer the reader to [33].

B. Stabilization

In this subsection, an adaptive neural control law is designed

for pinned nodes to stabilize its trajectory onto the homoge-
neous state x, as defined in (4). The problem of regulation
by pinning control for a complex network can be solved even
by pinning only one node [36], which is also applied here, by
pinning just the node with the greatest degree. The structure
of the control law is derived from the one presented in [12],
so that a local robust feedback controller is obtained.
Dynamics of the pinned nodes so selected is identificated by
a RHONN. A robust controller is used on such identifier
implementation, which guarantees stabilization of the error
between the plant and the desired equilibrium point .
The unknown pinned network ((5) and (6)), whose changing
coupling strengths ¢ remain above the limit given by (13), can
become locally asymptotically stable at the homogeneous state
x under the control law

w; = —cdl(x; —xs) i=1,2,...,1 (26)

where y; are the identificated states of the pinned node by
a RHONN in the form of (21), and d > 0 are the feedback
gains.

Proof. It is required to stabilize the errors between the
ROHNN states and the desired equilibrium point (3). To apply
the Lyapunov methodology [32] define the stabilization error
for pinned nodes as x.; = x; — s, ¢ = 1,2, ...,[, and obtain
its derivative from (21) and (5) as follows:

Tei = Tj— jsin + Wier — Tg
= Axi + Wiz(x;) + wier +u; — f(zs)  (27)
This can be rewritten as
Tei(t) = Axei + Wiz(w) + a(zs) + Wier + Ui
= flwei i, W;) + wier + 8o(Tei, €, Wi )ug
(28)



where f(mei,ei, W) = Axe + Wiz(x;) + a(ws),
89(Tei i, W;) = I, and o(xs) = Axs — f(xs) -

Note that (z;, Wi, e;) = (0,0,0) is an equilibrium point for
(28) without disturbances. Now, consider the next Lyapunov
function candidate

v>0

(29)
where e; and W; are defined in (23). Its time derivative along
the trajectories of (28), with the control law (26), is

1 1 1
V== e 242 | @ei |? +ot {W»TWi}
3 erl 3 s |2 4+t {7

. ~ 1 I3 ~
Vo= e |* el Wiz(x;) + ;tr {WiTWL}

—A H Lei H2 +xZ;W12(xz) + xeTz(Oé(%) + wier)

—cdal,D(xi — xs) (30)

Replacing the weight adaptation law (24) in (30), and taking
into account the property of —z7Tx < — i, (T')||z||* where
Omin (L") is the minimum eigenvalue of matrix I', and then
reordering terms, one obtains

Vo< =) | e |I? —O—BiTW,-z(zi) — 6iTV~ViZ($i)
—(A 4 cdomin(D)) || e I +al;Wiz(x;) (31)

+336Ti(04(9€sa ei) + wier)

After eliminating the term €7 W;z(z;), one has
Vo< Al

_(>\ + CdanLin(F)) ” Lei ”2

2T Wiz(x)

+{EZ;(O[S((E5) + wier) (32)

In the fourth term of (32), x, is a constant; consequently,
as(x5) is bounded. It follows that the part of this term, which
includes the uncertain term w,,, is also bounded from above
and is vanishing because w,, = —pw,,. Therefore, the last two
terms in (32) are bounded. Finally, by selecting d adequately
in the second term, Vis negative definite, even when c change
but remain above the threshold define in (13). It follows from
the Barbalat’s Lemma [32] and Corollary 1 that the pinned
nodes are asymptotically stables at x.

Next, the stability of non-pinned nodes dynamics (6) is ana-
lyzed.

First, write ((5) and (6)) as in (11). Since ¢;; = c and
D’ = diagled, cd, ..., cd,0,...,0], one has 0., (G+ D') =
cOmin[(—A + D)] > 0 by definition (recall that —A is a
positive semi-definite matrix in W;). Then, determine a d > 0
such that (12) and (13) are fulfilled. Finally, by Theorem 2,
the entire controlled dynamical network ((5) and (6)) is locally
stable at the homogeneous state x.

The neural network absorbs variations of the coupling
strengths, so that a proper adjustment can be accomplished
on the control law.

Network States
T T

Fig. 2. State time evolution under the proportional control scheme.

IV. SIMULATION EXAMPLES

Consider a 50-node scale free network with degree distri-
bution A(k;) ~ k; 2. Each node is selected as a chaotic Chen
system [12] defined by

i,'l = d(l‘g — LL’l)

.’tQ = (é — &)1’1 — X123 + é$2

Cil‘g = 21T — i)l’g (33)
The parameters in (33) are selected as a = 35, b = 3

and ¢ = 28, so that an unstable equilibrium point exists at
xs = [7.9373,7.9373,21]. This equilibrium point is selected
as the homogeneous stationary state, at which the complex
network is going to be synchronized. The maximum positive
Lyapunov exponent is h;e =~ 2.01745 [12]. The I" matrix
is taken as I3. In the implementation of the RHONN, set
z(x;) € RY in (17).

Two control algorithms are compared: the proportional
control scheme presented in [12] and the neural network
scheme proposed in this paper. Just one node is pinned,
which selected as the one with the highest degree. For both
control schemes, coupling strengths ¢ at node connections
are set initially higher than the minimum value required by
(13). Then, the control law is incepted. Once the complex
network is stabilized, the coupling strengths are changed to
lower values, but still above their minimum values required
by (13).

For both control algorithms, the simulation is carried out as
follows:

Initially, from ¢ = 0 to t = 5, the systems at the nodes run
without any connection, i.e. ¢ = 0. At ¢ = 5 the coupling
strengths are set to ¢ = 30, so that the complex network is
connected according to a predefined scale-free distribution.
Subsequently, at ¢ = 5.2 the control law is incepted. After
stabilization is achieved, starting at ¢ = 9, the coupling
strengths change from ¢ = 30 to ¢ = 23. For both controllers
d = 1000 and ¢, =~ 21.55.

Fig. 2 and Fig. 3 show that the states of the entire network
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have been regulated to z,. In Fig. 2, the network loses its
regulation when the coupling strengths are changed at ¢t = 9;
in Fig. 3, with the robust control law (26), the network
evolution stays at the stabilization state.

In Fig. 4, real state vs identified state of Node 1 are presented,
followed by the identification error for Node 1 in Fig. 5.
Fig. 6 shows the evolution of the neural-network weights in
the identification of Node 1. Fig. 7 and Fig. 8 display the
control signals for both controllers. The network maintains
synchronization with the proposed control scheme.

V. CONCLUSIONS

This paper develops a new pinning control scheme for com-
plex networks, from a recurrent higher-order neural network
approach. It is based on a neural identifier and a proportional
controller. By means of this novel scheme, it is possible to
stabilize a complex network even in the presence of varying
coupling strengths, with a robust property. Simulation results
illustrate the applicability and effectiveness of the proposed
scheme.
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