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Abstract
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The ion channel in neurons is the basic component of signal transmission in the nervous system.
The ion channel has important effects on the potential of neuron release and dynamic behavior in
neural networks. Ion channels control the flow of ions into and out of the cell membrane to form
an ion current, which makes the excitable membrane produce special potential changes and
become the basis of nerve and muscle activity. The blockage of ion channels has a significant
effect on the dynamics of neurons and networks. Therefore, it is very meaningful to study the
influence of ion channels on neuronal dynamics. In this work, a hybrid ion channel is designed
by connecting a charge-controlled memristor (CCM) with an inductor in series, and a magnetic
flux-controlled memristor (MFCM), capacitor, and nonlinear resistor are connected in parallel
with the mixed ion channel to obtain the memristor neural circuit. Furthermore, the oscillator
model with a hybrid ion channel and its energy function are calculated, and a map neuron is
obtained by linearizing the neuron oscillator model. In addition, an adaptive regulation method is
designed to explore the adaptive regulation of energy on the dynamic behaviors of the map
neuron. The results show that the dynamics of a map neuron with a hybrid ion channel can be

controlled by parameters and external magnetic fields. This study is also used to research
synchronization between map neurons and collective behaviors in the map neurons network.

Keywords: map neuron, hybrid ion channel, dynamical behaviors, adaptive regulation
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1. Introduction

The memristor is a two-terminal passive circuit electronic
element with unique memory properties. Its resistance state
changes with the amount of charge passed through, and it is
able to ‘remember’ these changes [1]. Due to the unique
characteristics of memristors, they are widely used in the
fields of memory, logic, analog circuits, and neuromorphic
systems. A magnetic flux-controlled memristor (MFCM)
[2-6] and a charge-controlled memristor (CCM) [7-11] are
two different realization methods based on the concept of a
memristor, and they have their own characteristics in circuit
design, dynamic characteristics, and application fields.
MFCM is defined based on the relationship between
magnetic flux and resistance, and its working principle
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involves the effect of magnetic flux changes in the circuit on
the resistance value. The research and application of MFCM
mainly focuses on the design and simulation of chaotic circuits.
For example, chaotic systems designed by MFCM can produce
complex dynamic behaviors such as hidden attractors [12—14],
coexisting attractors [15], multi-scroll attractors [16—19], and
multi-stable [20-24]. CCM memristor is defined based on the
relationship between charge and resistance, and its working
principle involves the effect of the change of charge in the
circuit on the resistance value. The research and application of
CCM is also extensive, such as the design of chaotic circuits
[25, 26], the design of the memristor simulator, the application
of memristors in memory, neural networks, and other fields
The memristor has the characteristics of memory and
non-volatility. Therefore, memristors can simulate brain
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synapses, and they can be used to construct neural networks
based on memristors. These networks not only inherit the
advantages of low power consumption and nano size of
memristors but they also contribute to improving the perfor-
mance of neural networks. There is plenty of research on
memristor applications in neurons, synapses, and networks.
For example, memristive neurons [27-32], dual memristors
neurons [33, 34], memristive map neurons [35-38], neurons
with memristive membrane [39—-41] synchronizing char-
acteristics of memristive synapse coupling neurons [42—45],
collective behaviors of memristive neuron network [46, 47],
the learning in memristor networks [48, 49]. With the
research on memristor-based neurons and networks, readers
can read the reviews [50].

The change in resistance of the memristor can lead to a
change in resistance state through ion transport, a process
similar to the opening and closing mechanism of ion channels
in biological neurons. Therefore, the memristor can be con-
sidered to describe ion channels in the neurons. In this work, a
hybrid ion channel is built by connecting a CCM with an
inductor in series, and an MFCM, capacitor, and nonlinear
resistor are connected in parallel with the mixed ion channel
to obtain the memristor neural circuit. Furthermore, the
oscillator model with a hybrid ion channel and its energy
function are calculated, and a map neuron is obtained by
linearizing the neuron oscillator model. The highlights and
contributions of this study are summarized as follows:

(1) A hybrid ion channel is built by connecting a CCM with
an inductor in series

(2) A map neuron with a hybrid ion channel is obtained by
linearizing the neuron oscillator model.

(3) An adaptive regulation method based on energy is
designed.

The structure of this study is arranged as follows: the
model of map neuron with a hybrid ion channel is built in
section 2. In section 3, the dynamical behaviors of the map
neuron are estimated. The conclusion is described in
section 4.

2. Model of map neuron

The activation and deactivation characteristics of neuron ion
channels can be affected by the electric and magnetic fields,
and the firing activity and network behavior of neurons are
regulated by changing the distribution and flow of ions.
Therefore, in this paper, a hybrid ion channel of a neuron is
built by connecting an induction coil with a CCM in series for
estimating the effects of electric and magnetic fields on ion
channels. A neural circuit with a hybrid ion channel is shown
in figure 1.

The neural circuit with a hybrid ion channel is designed
by applying a capacitor (C), an inductor (L), a nonlinear
resistor (Ry), a linear resistor (R), a CCM, and an MFCM. In
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Figure 1. A nonlinear circuit with a hybrid ion channel.

figure 1, the current iy in the Ry is approached by

r V2
iy = ——|V - —|, 1
" p( Vo) M

where p and V|, denote the resistance and the cut-off voltage
in the nonlinear resistor Ry. In addition, a CCM and an
MFCM can be selected as follows

. . d .
Vi = M@)in = gins — = ag + Bin
o , @
i, =MV, = oV, d—f =ap + bV,

where (o, 3, a, b) are the relevant parameters for preparing
memristor material. (i, Vi, iy, V) denote the current and
voltage in the memristor. The equivalent dynamic model in
figure 1 is obtained by using the Kirchhoff’s laws, and it is
presented as

2
o i L(V— V—) — oV
P Vo
LY — v iy — Ry,
4 dtd . (3)
L = ag + Bin
dt
dp
— =ayp + bV,
dr v v

To further numerical simulation, the variables in

equation (3) are replaced as follows

Vo, _PL. 4. _ ¢ L@

x:_sy = -, s T = —.
Vo Vo W pCV pC

As a result, the model in equation (3) can be expressed by

— =—y+rx—x%)—cwx

dr

d

L= d(x — ezy - gy)

dr 5
| dz ' ®)
— =az+

dr &

dw =a'w+ bx
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where parameters in equation (5) are defined as follows

2
C*pZCV(,df ¢ e:%;
P
R /
g=—; :pac;a :apC (6)
p

The circuit in figure 1 has four energy storage elements,
and the corresponding field energy can be approached by

W=Wec+ W, +Wy+W,
1 1 1 1
=—CV? + —Li} + —¢%, + —¢?V. 7
> Sl +5a7+ Z¢ (N
Furthermore, the dimensionless Hamilton energy is cal-
culated as follows

w
H=—— =Hc + Hy, + Hy + H,
Vo
—1x2+ + ez +lcwx )
2 Zdy 2 y 2

In fact, the energy function in equation (8) is also
obtained by applying the Helmholtz’s theorem, the process is
described in the following.

—y + r(x — x%) — cwx

X

. dlx — B

Y= (x —ezy — gy) —F+E
Z o’z + By

w a'w + bx

—y — 0.5dez? — cwx
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where

r(x —x2) + O,Sdezz. dezy (8 — 1) — dgy + 0.5cdw?

nm = s Ny =
! x + 0.5cw? ? y/d + 0.5z
o’z — 0.5def3z* y — b - Dx+aw— 05ew?
ezy o cwx

(10)
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Figure 2. Bifurcation diagram and LLE with different parameter a;.
For (a) bifurcation diagram for parameter a;; (b) LLE for
parameter aj.

In fact, the energy function in equation (8) needs to meet
equation (11).

8H

,7_

VH'F, = 0; VHTF; = — an
The energy function in equation (8) can be obtained by
solving the solution in the following equation.

VHTF, = (—y — 0.5dez* — cwx)%—H
X

+ (dx + 0.5cdw?* — deﬁzy)%—H
y

+ (By + 0.5de6z2)%—H

+ (x + O.Scwz)g—H =0. (.12)

W

A suitable solution in equation (12) is the energy function
in equation (8). In a genetic way, the oscillator model can be
transformed into a discrete form using the Euler difference
algorithm. However, this discretization process introduces a
time step parameter, the value of which significantly influ-
ences the dynamics of the resulting map. Therefore, a linear
transformation combined with the time step is employed to
establish a set of new discrete variables and parameters.
Furthermore, the variables in equation (5) are linearly trans-
formed by

, rAT , rAT
Xp =7 Xns Yn = T—— Vo>
1+ rAr 1+ rAr
rAT rAT
=z Wy = ————w,, 13
1+ rAT 1+ rAr (13)

where A7 denotes the time step in equation (5), as a result, a
map neuron can be obtained as follows

!/ !/ !/ ! ! !/
X+l = _)\lyn +rl(xn _an) — QW X'y
! ! ! !/ !/
Va1 =dix’y — e’y 7g1yn) (14)
I ! / ’
o1 = iy + Biy'n
!/ — !/ !
whivr = aw', + bix',
where the parameters in equation (14) are defined by
MN=Ar,ri=1+rArc = cﬂ; dy = dAT; e; = eﬂ;
r rAT . (15)

1
s =1+ A7 3, = AT a1 = 1 + d'AT; by = bAT.

gl:g_dAT
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Figure 3. Attractor phase of the map neuron with different parameter a,. For (a) a; = 0.2; (b) a; = 0.392; (¢) a; = 0.47; (d) a; = 0.6; (e)

a; =0.7; (f) a; = 0.9.
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Figure 4. Evolution of H,, for different parameter a,. For (a) a; = 0.2; (b) a; = 0.392; (¢) a; = 0.47; (d) a; = 0.6; (¢) a; = 0.7; (f) a; = 0.9.

<H,> is a mean value of energy within 100 iterations.

Similarly, the energy function in equation (8) is updated
as follows

1 1 1 1
Hy=—xs + —y5 + —eiZh y'u + —aw
n ) 2d1y 21 Yn 21

12
b

(16)

3. Numerical simulation estimations

The dynamic of the map neuron in equation (14) is estimated
by using the numerical simulation with the iterative method
on the MATLAB. At first, parameters of the map neuron with
a hybrid ion channel are set at r; = 3.8, ¢c; =0.1,d; = 0.1, ¢;
= 3.6316, g; = 0.1, oy = 0.1, B; = 0.2, \; = 0.1, and its
initial value is (0.01, 0.1, 0.1, 0.1). For parameter b, = 1.5, a,
is changed from 0 to 0.98, the largest Lyapunov exponent
(LLE) and bifurcation diagram can be obtained, and the
results are shown in figure 2.

@ 10 )

0.8

Figure 5. Bifurcation diagram and LLE with different parameter b;.
For (a) bifurcation diagram for parameter by; (b) LLE for
parameter b;.

The dynamic in figure 2 shows that the map neuron with
a hybrid ion channel evolves from a chaotic state to a periodic
state by period-doubling bifurcation in the process of para-
meter enlargement. Furthermore, the phase portraits with
different states are shown in figure 3.
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Figure 3 illustrates that the different attractors can be
formed by adjusting parameter a;, such as chaotic patterns,
period-8, period-4, period-2 and period-1 states. In figure 4,
according to the energy function in equation (16), the evol-
ution of energy with different dynamic behaviors in figure 3 is
obtained in figure 4.

The result in figure 4 indicates that the chaotic map
neuron keeps a lower average value of energy, while the
period map neuron has a higher mean energy value. Espe-
cially, when the number of the periodic is further decreased,
the value of the <H,,> can be increased. Similarly, parameter
a; = 0.2, the effect of parameter b, on the dynamical char-
acteristics of the map neuron in equation (14) is discussed.
Parameters and initial value in the map neuron are kept as
above, and the results are displayed in figure 5.

Similar to the results of the case of parameter aj,
parameter b is increased, chaotic modes of the map neuron
with a hybrid ion channel will show the periodic patterns.

n n

=45;() b, =6.5;

Furthermore, the phase diagrams of a map neuron with dif-
ferent parameter b; are plotted in figure 6.

It is found that the chaotic and periodic attractors can be
developed by changing parameter b;. Figure 7 displayed the
evolution of energy with different parameter values of b;.

Similarly, the number of the periodic is further decreased,
the value of <H,> can be increased. To research the influ-
ence of external magnetic fields on the nonlinear behaviors of
a map neuron, the map neuron with a hybrid ion channel can
be presented as follows

/ _ / / ! 2 ! /
Xpp1 ==y +nxy —x'°) — aw', X,
/ _ / ! ! !
Vg1 = dix’y — e’y _glyn)

/ / !
Zup1 =y + By

/ _ / /!
whir =aw'y, + bix'y + ¢,

. A7

where . is the external magnetic field. In this case, the
bifurcation diagram of the map neuron in (17) with different
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parameter b1 under different (., is calculated. The parameter
and initial value are kept as above, and the results are dis-
played in figure 8.

Figure 8 shows that the nonlinear behavior of a map
neuron with a hybrid ion channel can be controlled by the
magnetic fields. In addition, the strength of the magnetic field
is increased, the chaotic states of a map neuron can be sup-
pressed and the periodic states induced. In addition, to ana-
lyze adaptive regulation of the energy on the nonlinear
behavior of the map neuron, an adaptive growth method of
parameter can be designed as follows

{bl(n + 1) =bi(n) + Ko - O(c — H,), (18)

6P)=1,P>0,0P)=0,P <0,

where (kg, €) denote the gain and energy threshold, the
Heaviside function 6 can control parameter b;. The initial
value for the parameter b, is 1.5, a; = 0.2, ¢ = 0.306, the
other parameters and initial value remain as above, the
evolution of parameter b; and the variable with different gain
is a gain kg is as shown in figure 9.

The results in figure 9 illustrate that the chaotic map
neuron can be controlled to period-2 patterns by the adaptive
growth method in equation (18), and parameter b, is also to
reach a stable value. The gain is increased, and the parameter
reaches a stable value in fewer iterations. Furthermore, the
gain ko9 = 0.004, the case of the different threshold ¢ is
figure 10.

Figure 10 shows that the chaotic map neuron can be
developed to different periodic states by applying an energy
threshold to control the parameter b;. In fact, the other
parameters in the map neuron with a hybrid ion channel can
be also used to research the adaptive regulation.

4. Conclusion

In this paper, a hybrid ion channel is obtained by connecting a
CCM with an inductor in series, and an MFCM, capacitor and
nonlinear resistor are connected in parallel with the mixed ion
channel to obtain the memristor neural circuit. Furthermore, the
oscillator model with a hybrid ion channel and its energy func-
tion are calculated, and a map neuron is obtained by linearizing
the neuron oscillator model. The results illustrate that the map
neuron with a hybrid ion channel evolve from a chaotic state to a
periodic state by period-doubling bifurcation in the process of
parameter enlargement, and the chaotic map neuron keeps a
lower average value of energy, while the period map neuron has
a higher mean energy value. Especially, when the number of the
periodic is further decreased, the value of the <H,> can be
increased. The nonlinear behavior of a map neuron with a hybrid
ion channel is controlled by the magnetic fields. Furthermore, the
chaotic map neuron can be controlled to period-2 patterns by the
adaptive growth method, and the chaotic map neuron can be
developed to different periodic states by applying an energy
threshold to control the parameter. This study is helpful for
building an ion channel of the Artificial neuron.
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