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Relationship between Identical Synchronization
and Generalized Synchronization in Full Networks
of n Linearly Coupled Dynamical Systems of the

FitzHugh-Nagumo Type

Phan Van Long Em

Abstract—This paper examines the sufficient conditions for
identical synchronization and generalized synchronization in
full networks of n nodes and their relationship. Each node is
linked to others through linear coupling and represented by
an ordinary differential system of the FizHugh-Nagumo type.
Additionally, this work presents numerical results to confirm
the validity of the theoretical findings in the context of this
network topology.

Index Terms—full network, generalized synchronization,
identical synchronization, FitzHugh-Nagumo model.

I. INTRODUCTION

YNCHRONIZATION has been extensively studied in
various fields and natural phenomena, with numerous
studies introducing the concept of synchronization [5], [18],
[11], [14], [12], [7], [13]. Mathematically, synchronization
typically refers to having the same behavior simultaneously
[5]. In recent years, research on complex dynamical net-
works has gained popularity across multiple domains due
to their practicality on a large scale, including applications
in information processing, the World Wide Web, biological
systems, and neuronal networks [19], [20], [21], [9]. Syn-
chronization is a fundamental issue in cooperative control,
requiring all network subsystems to converge to a target state
or a common value. There are different types of synchro-
nization in complex networks, including identical synchro-
nization, projective synchronization, phase synchronization,
and generalized synchronization [5]. Especially, generalized
synchronization is an extension of identical synchronization
and is more common in nature and technical applications.
However, most theoretical results on synchronization focus
on identical synchronization [5], [6], [2], [3], [16], [17].
Due to its complexity, there is a lack of theoretical results
for generalized synchronization, but it is gaining special
attention. So, research on generalized synchronization in
complex dynamic networks is of great practical significance.
In this paper, we are motivated by the discussion above
to explore the improvements we have made. We aim to
identify the sufficient conditions for the coupling strength
required to achieve identical synchronization and generalized
synchronization in full (complete) networks. Additionally,
our results illustrate the relationship between these types of
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synchronization, and we provide numerical results to validate
the effectiveness of our theoretical findings.

II. IDENTICAL SYNCHRONIZATION AND GENERALIZED
SYNCHRONIZATION IN FULL NETWORKS OF n
DYNAMICAL SYSTEMS OF THE FITZHUGH-NAGUMO TYPE

In 1952, A.L. Hodgkin and A.F. Huxley published a paper
introducing a mathematical model of four ordinary differen-
tial equations to approximate some properties of neuronal
membrane potential [6], [7], [11]. They were awarded a
Nobel prize for this remarkable work. Based on their famous
study, many scientists searched and found ways to simplify
Hodgkin-Huxley’s model while retaining the energizing and
biological significance properties of the cell. Among them,
two scientists named R. FitzHugh and J. Nagumo introduced
a new simpler system called the FitzHugh-Nagumo model
in 1962 [7], [8], [15]. It is known as a system of two
ordinary differential equations, which is simplified from
Hodgkin-Huxley’s system [6], [12], and could help describe
the neuron voltage dynamics. It consists of two equations
of two variables, v and v. The first variable, u, represents
the transmembrane voltage of the cell. The second one, v,
introduces some physical quantities, such as the electrical
conductivity of ion currents across the membrane. The sys-
tem below shows the ordinary differential equations of the
FitzHugh-Nagumo type given by [2], [3]:

€a:€ut:f(u)*v+1,

ey
& = ou—bvt
dt—’Ut—CZ’U; v C,

where u = u(t),v = v(t); a,b, c are constants, especially a
and b are strictly positive; 0 < & < 1; f(u) = —u3 + 3u; I
presents the external current; ¢ presents the time.

Hereafter, system (1) is considered a model of neuron,
and based on this system, we construct a full network of n
systems (1) with linear coupling as follows:

cuip = flu) —vi+IT— > Goyn(ui —uy),

J=1j#i >
vy = au; — bv; + ¢, @
i=1,2,..,n,

where (u;,v;),9 = 1,2,...,n is defined as (1); gsyn is

positive number presenting the coupling strength [7], [6].
Note that the coupling strength could be different among the
nodes of networks. However, to make it easy in this work,
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the paper just investigates the same coupling strength for all
nodes, and names it ggyp,.

Remark 1. A full network means each node connects to all
others (see [16], [17]).

A. Identical synchronization

Definition 1 (see [5], [3]). Let Z |ei| + [€;| be the identical

i=2
synchronization error, where e; = uw; — u1,€; = v; — v,

for all ¢+ = 2,...,n. We say that the network (2) identically
synchronizes if the identical synchronization error reaches
zero as t approaches infinity.

Before going to the main results, we need to see a
following remark that help to prove our desired results.

Remark 2. The function f satisfies the following condition:

If(ui) — fluj)| < aluy —uyl, 4,5 =1,2,....,n, ()
where u;, u; present the transmembrane voltages, and « is a
positive number.

Proof: For all u;,u;,4,7 = 1,2,...,n, we have:
flui) = fuj) = —ud + 3u; + u} — 3u;

= (u; —uy) |3 = (wi — ;) — uiu]} :
Since w;,uj,%,j = 1,2,...,n are bounded in [4], then we
can find a positive constant « such that:

|f(ui) = flug)] < eafui —uyf, 4,5 =1,2,...,n.

|

Next, we investigate the identical synchronization problem

of network (2). The main result is given by the following
theorem.

@
Theorem 1. Suppose that gsyn > —, where o is defined as

in Theorem 2. Then the network (2) identically synchronizes
in the sense of Definition 1.

Proof: To prove this theorem, we construct a Lyapunov
function as follows:
n

Vit) = % [Z (aseiQ +Ei2)

1=2

By calculating the derivative of the function V'(t) with
respect to the time ¢, there is the following:

dv(t - L
% = ; [ace;eir + €€
- Z ae; f(ui) — Vi — Gsyn Z (uz - uk)
i=2 k=1,k#i

_f(ul) + v + 9syn i (’LL1 - Ul))
tbéi (aei — bél)}

<, [ae; (f(ui) — f(u1) — ngsynes) —b&;%].

“4)
By using Remark 2, (4) becomes:
dV(t) < _
i < ; [a (v — ngsyn) ef fbef] . 5)

. o .
Since gsyn > —, then (5) can be estimated as:
n

>
T < vy = v <voe,

NGgsyn — & 2

infinity, the function V'(¢) approaches zero. Thus, the iden-

tical synchronization occurs if theoé coupling strength satisfies

the following condition: ggyy, > —. | |
n

where v = min (2 ) . Let the time ¢ approach

B. Generalized synchronization

n
Definition 2 (see [5]). Let Z le;] + |€;| be the generalized
synchronization error, Wheria 261- = u; — ¢i(u1), € = v; —
wi(v1), ¢4, p; are differentially continuous functions, for
all ¢ = 2,...,n. We say that the network (2) generally
synchronizes if the generalized synchronization error reaches
zero as t approaches infinity.

To have the generalized synchronization, we need to
define the controllers for the network (2). Specifically, to
synchronize the first neuron and neuron ith of network (2),
we need to construct and add the controllers into neuron ith
as follows:

n

cure = f(ur) —v1 +1 = gayn Y _ (1 — w),
=2
vy = auy — bvy + ¢,

EUit — f(ul) —v; + I— gsyn Z (ui - Uh) + Wi,

h=1,h#i
vir = au; — bv; + ¢ + w;,
1=2,..,n,

(6)
where the controllers w; = w;(t) are w; = w;(t) are
designed as follows:

1o} iU

wi = 20Ny pgun)) + uon) — 1

U1

+gsyn Z (¢i(u1) - um) - kiei7
m=1,m##1

. 8 i\U
w; = %( l)vu —ag;i(ur) — bp;(v1) — ¢,

U1

)
with the updated rules defined as follows:

kit = riel, (3
where k; = k;(t), r; is a arbitrary positive constant, for

1 =2,..,n.
Under the action of the controllers designed as above, the
error dynamic equations of the system (6) are described as:
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= f(uz) Vi + I — Gsyn Z (uz - uh) - f(¢1(u1))
h=1,h#1i
i) =T+ gogn D (diwr) —um) — kies
m=1,m%#1

= fui) = f(¢i(u1)) — (vi — pi(v1))
—NGsyn (Ui — ¢i(ur)) — kie;

= f(ui) — f(¢i(ul)) — € — NGsyn€i — ki4,

)]
and
Bt = Vit — a(pl(vl)
_ - (10)
= au; — bv; + ¢ — agi(u1) — bp;(v1) — ¢
= ae; — béi,

for i =2, ...,n.
Remark 3. The function f satisfies the following condition:

|f(us) = f(@i(uy))] < Blui — ¢iluy)l, (1)

where wu;,u; present the transmembrane voltages, ¢; is
defined as in Definition 2, 4, j = 1,2, ...,n and f3 is a positive
number.

Proof: For all u;,u;,4,5 = 1,2,...,n, we have:

flui) = f(iluy)) = —ud + 3u; + ¢iuy)? — 3¢i(uy)
= (s = 9u(uy) [3 = (i = 6i(u;))’
—u;pi(uj)] -
Since u;,? = 1,2, ...,n is bounded and belongs to a compact
set that is a global attractor (see [4]), then ¢;(u;) is also

bounded since ¢; is continuous. Therefore, we can find a
positive constant /3 such that:

Next, we investigate the generalized synchronization prob-
lem of network (2). The main result is given by the following
theorem.

Theorem 2. Suppose that gyn > é then we can achieve

generalized synchronization for network (2) under the adap-
tive controllers (7) and updated rules (8).

Proof: To prove this theorem , we construct the Lya-
punov function as follows:

_1 - 2,2, 4,2
V(t)22<a€6,; +ei+mki)'

By calculating the time derivative of V' (¢) along the error

12)

systems (9) and (10), we get:

avit) < a
% = Z |:a€€ieit -+ ézézt + Fkiklt

7

i=2
= > lae; (f(wi) — f(¢i(w1)) — € — ngsyne; — kie;)
=2
+Ei(a6i — béi) + akieﬂ
= lae; (f(ui) = f(¢i(u1))) — ae; & — nageyne;
i=2
fakief + e;ae; — bé? + akieg]
= [aei (f(ui) - f(¢i(ul))) - ”agsynez2 - bé?]-
i=2
Z (13)
By using Remark 3, it is easy to obtain:
dV(t) & _
— < Z [aBe; — nagsyne; — be; |
w2 (14)
< [a(ﬂ - ngsyn)e? - bé?].

2

%

Since gsyn > é then (14) can be estimated as:
n

v (t ~ (]2
di ) < 721/ {2(a56?+6¢2)}d% (15)
=10

where )
v = min {(ﬂgsyn —h) ; Qb} .
€

From (15), It can be seen that 0 < V(¢) < V/(0), this
together with (12) implies that V' (¢) is bounded. It is based on
Lyapunov stability theory and LaSalle’s invariance principle
[1], we have:

i el

Therefore, it implies that the network (2) achieves gener-
alized synchronization in the sense of Definition 2. The
theorem is proved. ]

Remark 4. If ¢;(u;) = u; and @;(v;) = v;,0,j =
1,2,...,n, then generalized synchronization becomes iden-
tical synchronization. Moreover, the positive number [ in
Remark 3 becomes « in Remark 2, and Theorem 2 becomes
Theorem 1.

IIT. NUMERICAL RESULTS AND DISCUSSION

In this section, we concretely shows some examples to
check if the proposed method in the theoretical section is ef-
fective. The integration is realized by using the programming
R. The simulation results are obtained with the following
parameter values:

a=1,b=0.001,c=0,I =0, =0.1.
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A. Example 1.

In this example, we take a full network of 2 nodes and
search for a necessary value of coupling strength to get the
identical synchronization.

Specifically, a full network of two neurons with linear
coupling is given by the following system:

eury = f(ur) —v1 + 1 — gsyn(ur — u2),
vy = auy — buy + ¢,

16
eug = f(uz) —v2 + I — geyn(uz — u1), (16)
vop = aug — bug + c.
Let |ea] + |e2] = |ug — ui| + |v2 — v1] be the identical

synchronization error of the network (16). We say that this
network identically synchronizes if the identical synchroniza-
tion error reaches zero as ¢ approaches infinity.

Fig. 1(a), 1(b) represent the identical synchronization
errors of the network (16) with respect to different values
of coupling strength, ¢ € [0;4000] and the initial conditions
as follows:

(u1(0), v1(0), u2(0),v2(0)) = (—0.1,0,0,0.1).

In Fig. 1(a) with gs,, = 0.0001, the simulation shows
that the identical synchronization error does not reach zero,
which means the identical synchronization phenomenon does
not occur.

In Fig. 1(b) with g,,,, = 0.1, the simulation shows that the
identical synchronization error reaches zero, which means:

’U,l(t) ~ UQ(t), ’Ul(t) ~ UQ(t).

In other words, the identical synchronization phenomenon
occurs when the coupling stength is more than its threshold
value. It actually meets with the result in Theorem 1.

B. Example 2.

In this example, we take a full network of 3 nodes and
search for a necessary value of coupling strength to get the
identical synchronization.

Specifically, a full network of three neurons with linear
coupling is given by the following system:

eury = f(ur) —v1 + 1 = Goyn(u1 — u2) — goyn(ur — us),
vy = aug — bvy + ¢,
gugy = fuz) —va + 1 — geyn(ua — u1) — gsyn(uz — u3),
v9r = aug — bug + ¢,
€Ut = f(’LLg) —v3+1— gsyn(u3 - ul) - gsyn(UB - u2)7
v3; = aus — bvs + c.
a7

Let |ea| + [€2| + |es| + |es| = |ue — ui| + |v2 — v1] +
|us — u1| + |vs — v1| be the identical synchronization error
of the network (17). We say that this network identically
synchronizes if the identical synchronization error reaches
zero as t approaches infinity.

Fig. 2(a), 2(b) represent the identical synchronization
errors of the network (17) with respect to different values
of coupling strength, ¢ € [0; 10000] and the initial conditions
as follows:

(u1(0),v1(0), u2(0), v2(0), u3(0), v3(0)) =
(~0.1,0,0,0.1,0, -0.1).

In Fig. 2(a) with gy, = 0.001, the simulation shows that
the identical synchronization error does not reach zero, which

means the identical synchronization phenomenon does not
occur.

In Fig. 2(b) with g5y, = 0.05, the simulation shows
that the identical synchronization error reaches zero, which
means:

ul(t) ~ UQ(t), V1 (t) ~ ’Uz(t),
Ul(t) ~ Ug(t), V1 (t) ~ ’Ug(t).

In other words, the identical synchronization phenomenon
occurs when the coupling stength is large enough. It actually
meets with the result in Theorem 1.

C. Example 3.

In this example, we take a full network of 2 nodes and
search for a necessary value of coupling strength to get the
generalized synchronization. Moreover, it needs to construct
some controllers for this network as the theoretical results
above (7)-(8). Hence, we have to investigate if those con-
trollers numerically work. Specifically, a full network of two
nodes with controllers to get the generalized synchronization
is given by the following system:

eure = f(ur) —vi + 1 — goyn (u1 — u2),
v = aug — bvy + ¢, (18)
cugt = f(u2) —va + I — goyn (u2 — ur) + wo,
V2t = aug — bvy + ¢ + W,
where
O0da(u
wy = E%Uu — [ (d2(ur)) + @2(v1) — 1
+gsyn(¢2(u1) —uy1) — koea, (19)
Opa(v
EQ = %vlt — agbg(ul) + b(pg(vl) —C,
U1

with the updated rule ko; = r2€3, and ez = us—pa(uy), €2 =
vy — @a(v1), where ¢, o are the continuously differential
functions. Let |ea| + [E2] = |uz — ¢a(u1)| + |va — wa(v1)]
be the generalized synchronization error. We say that the
network (18) generally synchronizes if the generalized syn-
chronization error reaches zero as ¢ approaches infinity.

Fig. 3 represents the generalized synchronization error
between nodes of network (18), where we take the initial
conditions as follows:

(u1(0),v1(0),u2(0),v2(0)) = (—0.1,0,0,0.1);
P2(z)

—cosz — 1;po(x) = 2% + 1;

and
ro = 0.1;¢ € [0;10000].

Fig. 3(a) presents the generalized synchronization error
with respect to ¢ of the network (18) without controller (19).
We can see that it does not reach zero, which means the
generalized synchronization does not occur. However, Fig.
3(b) presents the generalized synchronization error of the
network (18) with controller (19), and it actually reaches
zero. In other words, the network (18) achieves generalized
synchronization. It means the controller added in such a
network effectively works.

Specifically, we first simulate the system (18) without
controller (19). In Fig. 3(a), we take g5y, = 0.01, the
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generalized synchronization error does not reach zero. Even
if we take a very large value of g,y, = 5.5, see Fig. 3(b), the
generalized synchronization error also does not reach zero
which means the generalized synchronization does not occur
without controller. Clearly, Fig. 4 represents the time series
of all variables of the system (18) without controller (19). In
Fig. 4(a), the variable ¢ (u1) is presented by the solid line,
and the dotted line for usy (respectively, p2(v1) and vo in
Fig. 4(b)). We can see that the solid line does not copy the
behaviour of the dotted one. In other words, the generalized
synchronization phenomenon does not occur in this case.
Next, we simulate the system (18) with controller (19).
In Fig. 3(c), we take gsyn, = 0.01, the generalized syn-
chronization error reaches zero which means the generalized
synchronization occurs with controller. In other words, the
controller is effective. Clearly, Fig. 5 represents the time
series of all variables of the system (18) with controller (19).
In Fig. 5(a), the variable ¢o(uq) is presented by the solid
line, and the dotted line for us (respectively, ¢2(v1) and
v9 in Fig. 5(b)). We can see that the solid line copies the
behaviour of the dotted one. In other words, the generalized
synchronization phenomenon occurs in this case.

D. Example 4.

Similarly, we take a full network of 3 nodes and search for
a necessary value of coupling strength to get the generalized
synchronization and investigate if the controllers (7) and
(8) constructed as the theoretical part numerically work.
Specifically, a full network of three nodes with controllers to

(®)

Identical synchronization errors of the network (16) with respect to different values of coupling strength: (a) gsyn = 0.0001; (b) gsyn = 0.1.

get the generalized synchronization is given by the following
system:

eury = f(uy) —v +1

—YGsyn (U1 - ’LL2) — Ysyn (ul - U3) )
u1y = au; — bvy + ¢,
eugr = f(ug) —va + 1

—Ysyn (u2 - ul) — Gsyn (u2 - US) + w2, (20)
vor = aly — bug + ¢ + Wo,
eugy = f (U3) —v3+ 1
*gsyn (US - ul) - gsyn (Ug - u2) + ws,
v3r = aug — bvs + ¢ + ws,
where
Odo(u
we = 20 (o)) + aton) — T
+gsyn(¢2(u1) —up) + gsyn(¢2(ul) — ug) — kaea,
Ops(v
Wy = %Uu —apa(ur) + bp2(v1) — ¢,
Dslur)
w3 = anglult — f(ps(u1)) + p3(v1) — I
+gsyn(a¢3(ul) - Ul) + gsyn(¢3(u1) - UQ) - k3637
v
W3 = %Ult —ags(uy) + bps(v1) — ¢,
' 1)
with the updated rule ki = re?,i = 2,3, and ¢; =

u; — ¢i(ur),€ = v; — @i(v1), where ¢;,¢;,1 = 2,3 are
3

the continuously differential functions. Let Z les| + & =
i=2
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3
Z |u; — @i(u1)| + |vi — @i(v1)| be generalized the syn-

i=2
chronization error. We say that the network (20) generally

synchronizes if the generalized synchronization error reaches
zero as t approaches infinity.

Fig. 6 represents the generalized synchronization error
between nodes of network (20), where we take the initial
conditions as follows:

(u1(0),v1(0),u2(0), v2(0), uz(0), v3(0))
(=0.1,0,0,0.1,0, —0.1);

= —cos’z 4+ x;00(2) = 2% + 1;

P2 ()
$3(z) = sinz + x; 3(x) = 102 + 1;

and
ro = 0.1,73 = 0.2,¢ € [0; 50000].

Fig. 6(a) presents the generalized synchronization error
with respect to ¢ of the network (20) without controller (21).
We can see that it does not reach zero, which means the
generalized synchronization does not occur. However, Fig.
6(b) presents the generalized synchronization error of the
network (20) with controller (21), and it actually reaches
zero. In other words, the network (20) achieves generalized
synchronization. It means the controller added in such a
network effectively works.

| | |
6000 8000 10000

Time

(b)

Identical synchronization errors of the network (17) with respect to different values of coupling strength: (a) gsyn = 0.001; (b) gsyn = 0.05.

Specifically, we first simulate the system (20) without
controller (21). In Fig. 6(a), we take g,y, = 0.001, the
generalized synchronization error does not reach zero. Even
if we take a very large value of gy, = 9.5, see Fig. 6(b),
the generalized synchronization error also does not reach
zero which means the generalized synchronization does not
occur without controller. Clearly, Fig. 7 and Fig. 8 represent
the time series of all variables of the system (20) without
controller (21). In Fig. 7(a), the variable ¢o(uq) is presented
by the solid line, and the dotted line for wuy (respectively,
©2(v1) and vy in Fig. 7(b)). In Fig. 8(a), the variable ¢5(u1)
is presented by the solid line, and the dotted line for ug
(respectively, ¢3(v1) and vz in Fig. 8(b)). We can see that
the solid lines do not copy the behaviour of the dotted ones.
In other words, the generalized synchronization phenomenon
does not occur in this case.

Next, we simulate the system (20) with controller (21).
In Fig. 6(c), we take g,yn = 0.001, the generalized syn-
chronization error reaches zero which means the generalized
synchronization occurs with controller. In other words, the
controller is effective. Clearly, Fig. 9 and Fig. 10 represent
the time series of all variables of the system (20) without
controller (21). In Fig. 9(a), the variable ¢2(u1) is presented
by the solid line, and the dotted line for uo (respectively,
2(v1) and vy in Fig. 9(b)). In Fig. 10(a), the variable ¢3(u1)
is presented by the solid line, and the dotted line for ug
(respectively, ¢3(v1) and vz in Fig. 10(b)). We can see that
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the solid lines copies the behaviour of the dotted ones. In
other words, the generalized synchronization phenomenon
occurs in this case.

IV. CONCLUSION

This paper presents sufficient conditions on the coupling
strength required to achieve identical synchronization and
generalized synchronization in full networks of n linearly
coupled dynamical systems of the FitzHugh-Nagumo type.
The study also explores the relationship between these types
of synchronization. The results indicate that both types of
synchronization occur when the coupling strength exceeds

Time

(©)

Generalized synchronization errors between nodes of the network (18).

certain threshold values. Additionally, identical synchroniza-
tion is found to be a specific case of generalized synchro-
nization. To achieve generalized synchronization, controllers
were designed for the network, and numerical results demon-
strate their effective implementation. Moreover, further re-
search is needed to investigate different synchronization
regimes for various network topologies.

REFERENCES

[1] D. Aeyels, "Asymptotic Stability of Nonautonomous Systems by
Lyapunov’s Direct Method”, Systems and Control Letters, 25, 273-
280, 1995.

Volume 52, Issue 6, June 2025, Pages 1873-1886



TAENG International Journal of Computer Science

— phi_2(u1)

T [ll 20|UU 4U|UU 60|UU 80|UU 1UE|]UU
Time
(a)
— varphi_2(v1)
""" v2
* L TR b W W B

6000 8000 10000
Time

(b)

Fig. 4. Time series of all variables of the system (18) without controller (19) accroding to the coupling strength gsy» = 0.01, and ¢ € [0; 10000].

[2] B. Ambrosio and M. A. Aziz-Alaoui, “Synchronization and control
of coupled reaction-diffusion systems of the FitzZHugh-Nagumo-type”,
Computers and Mathematics with Applications, vol 64, pp. 934-943,
2012.

[3] B. Ambrosio and M. A. Aziz-Alaoui, “Synchronization and control
of a network of coupled reaction-diffusion systems of generalized
FitzHugh-Nagumo type”, ESAIM: Proceedings, Vol. 39, pp. 15-24,
2013.

[4] B. Ambrosio, M. A. Aziz-Alaoui, and V. L. E. Phan, ” Global attrac-
tor of complex networks of reaction-diffusion systems of Fitzhugh-
Nagumo type”, American Institute of Mathematical Sciences, Discrete
and Continuous Dynamical Systems Series B, 23(9), 3787-3797, 2018.

[5] M. A. Aziz-Alaoui, ’Synchronization of Chaos”, Encyclopedia of
Mathematical Physics, Elsevier, Vol. 5, pp. 213-226, 2006.

[6] N. Corson, "Dynamics of a neural model, synchronization and com-
plexity”, Thesis, University of Le Havre, France, 2009.

[71 G. B. Ermentrout and D. H. Terman, “Mathematical Foundations of
Neurosciences”, Springer, 2009.

[8] R. FitzHugh, "Impulses and physiological states in theoretical models
of nerve membrane”, Biophysical J., vol 1, pp. 445-466, 1961.

[9] C.M. Gray, “Synchronous Oscillations in Neural Systems”, Journal
of Computational Neuroscience, 1, 11-38, 1994.

[10] J.L.Hindmarsh and R. M Rose, ”A model of the nerve impulse using
two firstorder differential equations”, Nature, vol. 296, pp. 162-164,
1982.

[11] A. L. Hodgkin and A. F. Huxley, “A quantitative description of
membrane current and its application to conduction and excitation in

nerve”, J. Physiol.117, pp. 500-544, 1952.

[12] E. M. Izhikevich, “Dynamical Systems in Neuroscience”, The MIT

Press, 2007.
[13] J.P.Keener and J. Sneyd, “Mathematical Physiology”, Springer, 2009.

[14] J. D. Murray, “Mathematical Biology”, Springer, 2010.

[15] J. Nagumo, S. Arimoto, and S. Yoshizawa, ”An active pulse trasmis-
sion line stimulating nerve axon”, Proc IRE., vol 50, pp. 2061-2071,
1962.

[16] V.L.E.Phan, “Sufficient Condition for Synchronization in Complete
Networks of Reaction-Diffusion Equations of Hindmarsh-Rose Type
with Linear Coupling”, IAENG International Journal of Applied
Mathematics, vol. 52, no. 2, pp. 315-319, 2022.

[17] V.L.E. Phan, ”Sufficient Condition for Synchronization in Complete
Networks of n Reaction-Diffusion Systems of Hindmarsh-Rose Type
with Nonlinear Coupling”, Engineering Letters, vol. 31, no. 1, pp413-
418, 2023.

[18] A. Pikovsky, M. Rosenblum and J. Kurths, “Synchronization, A
Universal Concept in Nonlinear Science”, Cambridge University Press,
2001.

[19] S. Stogatz and I. Stewart, ”Coupled Oscillators and Biological Syn-
chronization”, Scientific American, 269, 102-109, 1993.

[20] S. H. Strogatz, "Exploring Complex Networks”, Nature,
276, 2001.

[21] Q. Xie, R.G. Chen and E. Bolt, "Hybrid Chaos Synchronization and Its
Application in Information Processing”, Mathematical and Computer

Modelling, 1, 145-163, 2002.

410, 268-

Volume 52, Issue 6, June 2025, Pages 1873-1886



TAENG International Journal of Computer Science

Tﬁgi_Z{u‘l)
T(ir:)e
— :grphi_2(v1)
IR LR

| I | | I I
0 2000 4000 6000 8000 10000

Time

(b)

Fig. 5. Time series of all variables of the system (18) with controller (19) accroding to the coupling strength gsyn = 0.01, and ¢ € [0; 10000].
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Fig. 6. Generalized synchronization errors between nodes of the network (20).
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Fig. 7. Time series of all variables of the system (20) without controller (21) accroding to the coupling strength gsyn = 0.001, and ¢ € [0; 50000].
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Fig. 8. Time series of all variables of the system (20) without controller (21) accroding to the coupling strength gsyn = 0.001, and ¢ € [0; 50000].
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Fig. 9. Time series of all variables of the system (20) with controller (21) accroding to the coupling strength gsy» = 0.001, and ¢ € [0; 50000].
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Fig. 10. Time series of all variables of the system (20) with controller (21) accroding to the coupling strength gsyn = 0.001, and ¢ € [0; 50000].
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