B% electronics

Article

Memristive Circuit Design of Nonassociative Learning under
Different Emotional Stimuli

Junwei Sun ¥*©, Linhao Zhao !, Shiping Wen ? and Yanfeng Wang !

check for
updates

Citation: Sun, J.; Zhao, L.; Wen, S.;
Wang, Y. Memristive Circuit Design
of Nonassociative Learning under
Different Emotional Stimuli.
Electronics 2022, 11, 3851. https://
doi.org/10.3390/electronics11233851

Academic Editors: Yohan Ko, George
K. Adam and Gwanggil Jeon

Received: 30 October 2022
Accepted: 18 November 2022
Published: 22 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electrical and Information Engineering, Zhengzhou University of Light Industry,
Zhengzhou 450002, China

2 Australia Al Institute, University of Technology Sydney, Ultimo, NSW 2007, Australia
Correspondence: junweisun@yeah.net

Abstract: Most memristor-based circuits only consider the mechanism of nonassociative learning, and
the effect of emotion on nonassociative learning is ignored. In this paper, a memristive circuit that can
realize nonassociative learning under different emotional stimuli is designed. The designed circuit
consists of stimulus judgment module, habituation module, sensitization module, emotion module.
When different stimuli are applied, habituation or sensitisation is formed based on the intensity and
nature of the stimuli. In addition, the influence of emotion on nonassociative is considered. Different
emotional stimuli will affect the speed of habituation formation and strong negative stimuli will
lead to sensitization. The simulation results on PSPICE show that the circuit can simulate the above
complex biological mechanism. The memristive circuit of nonassociative learning under different
emotional stimuli provides some references for brain-like systems.
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1. Introduction

Recently, brain-like intelligence has received increasing attention and developed
rapidly [1-5]. It is inspired by neural mechanisms of the brain and cognitive-behavioral
mechanisms and is implemented through software and hardware synergy. For hardware
implementation [6-9], integration and power consumption have to be taken into account.
Therefore, it is crucial to find a suitable device to build a brain-like intelligence circuit.
Memristor is the fourth basic circuit element besides resistor, capacitor and inductor, which
represents the relationship between magnetic flux and electric charge. Memristor was
predicted by Professor Leon Chua in 1971 [10], and was developed by HP researchers in
2008 [11]. Memristor is a nonlinear device with characteristics similar to the synapses of
the biological brain, which can be used as an electronic synapse to effectively simulate the
learning and memory functions of the biological brain [12-21]. At present, memristors are
widely used in secure communications, pattern recognition, dynamic analysis of chaos
system, artificial intelligence computer and other fields [22-26].

Associative learning and nonassociative learning are two important ways of biological
learning. Associative learning refers to the learning process realized by the connection
between more than two central excitations in the brain caused by two or more stimuli.
Associative learning is mainly divided into classical conditioning and operant conditioning
and is widely studied. Nonassociative learning refers to that behavior changes are only
caused by a single pattern of stimulus repetition. Nonassociative learning is mainly divided
into habituation and sensitization [27-29]. Habituation refers to the phenomenon that the
spontaneous response is weakened or disappeared under repeated weak stimuli. Sensitiza-
tion refers to the phenomenon that the spontaneous response gradually increases under
repeated strong harmful stimulus. At present, many scholars have realized nonassociative
learning through memristor. A synapse-like device based on memristor was proposed
in [30], which simulated the Aplysia gill-withdrawal reflex and realized the habituation and
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dishabituation behaviors. Nonassociative learning was simulated using a ZnO nanowire
memristor in [31], which the memristor shows habituation and sensitization behaviors
under electrical and optical stimuli. A nonassociative learning circuit based on memristor
was designed in [32] to implement habituation and sensitization behaviors. The generation
and influence of emotions have also attracted the attention of many scholars. A memristive
circuit of emotional brain-like emotional learning and generation was proposed in [33],
which can generate different emotions in 2-D emotional space according to multi-modal
information. A memristor-based neural network circuit of memory with emotional home-
ostasis was designed in [34], which realizes the automatic regulation of emotional neurons.
The above works only consider the mechanism of nonassociative learning and the influence
of emotion on nonassociative learning is ignored.

Nonassociative learning is affected by the intensity and nature of stimulus [28,35].
The nature of stimulus means that stimulus can be divided into positive stimulus, neutral
stimulus and negative stimulus. The intensity of stimulus means that stimulus can be
divided into weak stimulus and strong stimulus. When the applied stimulus is a weak
stimulus, positive stimulus promotes the formation of habituation and negative stimulus
inhibits the formation of habituation. When the applied emotional stimulus is a strong
harmful stimulus, sensitization is formed under negative emotional stimulus. In this
paper, a memristive neural network circuit that can realize nonassociative learning under
different emotional stimuli is proposed. It implements the functions such as habituation,
dishabituation, sensitization, and emotion generation. It also realizes the influence of
different types of stimulus on habituation and sensitization.

Compared with work [30-34], this work has some advantages in the following as-
pects. First, the work in this paper implements habituation and sensitization. In addition,
habituation under different frequency stimuli is also realized. Habituation and sensitiza-
tion are achieved through the habituation module and sensitization module, which can
achieve more functions compared to the previous works [30,31]. Second, the work in this
paper implements nonassociative learning under different emotional stimuli by combining
nonassociative learning and emotion. Nonassociative learning under different emotional
stimuli is achieved through the habituation module, emotion module, stimulus judgment
module and sensitization module, which is more bionic than the previously proposed
neural network circuits [32-34].

The rest of the paper is arranged as follows. Section 2 introduces a threshold memristor
model. Section 3 introduces the biological mechanism of nonassociative learning under
different emotional stimuli. Section 4 introduces the circuit structure and the functions
of each module. In Section 5, the simulation results of the circuit are analyzed in detail.
Section 6 draws some conclusions.

2. Memristor Model with Threshold

Various memristor models have been designed in [36-38]. The basic model of mem-
ristor is shown in Figure 1. In this paper, a voltage-controlled threshold memristor model
based on the experimental data of AIST-based memristor is used. The model is as follows:

w(t)

M(t) = RONM + Rorr(1 — D

5 ) M

where M(t) is the memristance, R,y is the resistance at highly doped, R, Ff is the resistance
at low doped, w(t) is the width of the highly doped region, D is the full thickness of
memristive material. The derivative of the state variable w(t) is
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where ji, stands for the ionic mobility, ig, ioy and i, ff, are constants. Vry and Vr_ are
positive and negative threshold voltages, respectively. i(t) and v(t) are the current and
voltage of the memristor, respectively. f(w(t)) is given as a window function.

2w(t
Flwm) =1- 4Dy ®
where p is a positive integer.
W
D —
Doped region Undoped region ——/\m/\—-
! R.w(t)/D Rur(1-w(t)/D)
< D >

Figure 1. Basic model of the memristor.

If a positive voltage beyond its positive threshold is applied to the memristor, the
value of the memristor will decrease. As shown in Figure 2, the greater the positive voltage
is, the slower the memristance decreases. The opposite case will happen when the voltage
is a negative voltage. The various parameters of the four memristors are shown in Table 1.
All the simulation processes in this paper are implemented by PSPICE.

4.0K

0 2 4 6 8 10 12 14 16 18 20
Time(s)
Figure 2. The change in memristance when the memristors are applied by different voltages. V;,

represents input voltage. M represents the memristance of memristor.

Table 1. Parameters setting of memristors.

Parameters My M> M3 My
D (nm) 3 3 3 3
Ron(Q) 500 100 500 100
Rorr(Q) 6k 1k 1k 1k
Riyit (Q) 4k 1k 500 1k
Vi (v) 3.5 1 1.1 1
Vr_(v) —05 —-0.1 —05 —0.099
o (m2s71Q71) 6 x 10717 3x10717 5x 10718 1x 107"
ion (A) 1 1 1 1
ioff (A) 1x107° 1x107° 1x107° 1x107°
ig (A) 1x 10738 1x 1073 1x1073 1x1078

p 10 10 10 10
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3. Nonassociative Learning under Different Emotional Stimuli

Nonassociative learning under different emotional stimuli in this paper is illustrated
in Figure 3. Nonassociative learning is mainly divided into habituation and sensitization.
Habituation refers to the phenomenon that the spontaneous response is weakened with
stimulus repetition. Sensitization refers to the phenomenon that the spontaneous response
gradually increases with strong harmful stimulus repetition. Habituation is mainly divided
into two categories, including behavioral habituation and emotional habituation. The
stimulus that causes behavioral habituation is not emotional, but the stimulus that causes
emotional habituation is emotional. PE, NE1, and NE, are emotional stimuli, where the
stimulus intensity of NE; is higher than that of NE;. Positive feeling is generated when
positive stimulus PE is applied, and negative feeling is generated when negative stimulus
NE; or NE; is applied.

*Premise

H positive stimulus(PE)
negative stimulus(NE1)
4 ~
g nagetive feeling

@ negative stimulus(NE2) -

a. Emotional habituation

positive stimulus(PE)
ﬁ (Repeat many times) ? @
posmve feeling decreases
(habituation)

4 nagetive stimulus(NE1) ‘ @
(Repeat many times)
nagetive feeling decreases
@ more time than @ (habituation)

—_— positive feeling

b. Sensitization

negative stimulus(NE2) —> nagetive feeling
nagetive stimulus(NE2) )
(Repeat many times)

c. Stimulus frequency affects habituation

positive stimulus(PE) O 3 3
ﬁ (Repeat many times ®

with high frequency) positive feeling decreases
(habituation)

positive stimulus(PE) _

ﬁ (Repeat many times > @

nagetlve feeling increases with low frequency) pos|t|ve feeling decreases
(sensitization) (habituation)

@ more time than ®

Figure 3. Illustration of nonassociative learning under different emotional stimuli.

Emotional habituation is described in process a. When different emotional stimuli are
applied, the brain will produce different feelings. When positive stimulus is applied at
the beginning, strong positive feeling is generated. The degree of the positive feeling will
slowly decline with positive stimulus repetition, which indicates that emotional habituation
occurs. A similar phenomenon occurs with negative stimulus repetition. The difference is
that it takes longer to form habituation under a negative stimulus than under a positive
stimulus. The phenomenon shows that emotional habituation shows a negative bias, which
maintains a high degree of arousal of negative emotional stimulus and avoids the harm
caused by the negative stimulus.

Sensitization is described in process b. When negative stimulus NE; is applied at the
beginning, strong negative feeling is generated. Because NE; is a strong negative stimulus,
habituation will not occur with the negative stimulus NE; repetition. On the contrary,
sensitization will occur with the negative stimulus NE; repetition. The degree of negative
feeling will gradually increase when the negative stimulus NE, is applied, which indicates
that sensitization occurs. The effect of stimulus frequency on habituation is described in
process c. When high frequency stimulus is applied, the time for habituation formation is
shorter than when a low frequency stimulus is applied. The phenomenon shows that high
frequency stimulus can cause more intense habituation than low frequency stimulus.
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4. Circuit Structure and Module Design

The diagram of circuit design is shown as in Figure 4. When the input signal N; and
emotional signal N, are applied, the stimulus judgment module will judge the nature of Ny
according to the voltage of N; and N;. The formation of habituation is promoted when N;
is positive repeated stimulus. In addition, the dotted line indicates that habituation is also
affected by the frequency of input stimulus. The formation of habituation is inhibited when
Nj is weak negative repeated stimulus. When Nj is strong negative repeated stimulus,
sensitization will occur with negative stimulus Nj repetition.

-
am=TmT T,
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D
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Figure 4. Diagram of circuit design. Nj is the input signal. N is the emotional signal. PE represents
that the input signal Nj is positive stimulus. NE represents that the input signal Nj is negative stimulus.

4.1. Stimulus Judgment Module

The stimulus judgment module is shown in Figure 5. The function of the stimulus
judgment module is to transmit the input signal Nj to the habituation module or the
sensitization module according to the voltage of the input signal N; and emotional signal
N,. OP; and OP, are two comparators. OP; is used to judge the intensity of input stimulus
Nji. When the voltage of Nj is lower than V;, OP; outputs low level, which indicates that N;
is weak stimulus. When the voltage of Nj is higher than V;, OP; outputs high level, which
indicates that Nj is strong stimulus. OP, is used to judge the nature of input stimulus Nj.
When the voltage of N; is lower than V,, OP, outputs low level, which indicates that Nj is
nagetive stimulus. When the voltage of N is higher than V5, OP, outputs high level, which
indicates that Nj is positive or neutral stimulus. Logical unit is composed of D1, D;, D3,
Dy, S1 and Sy, which can determine the voltage of a and b according to the output of OP;
and OP,. The voltage of a and b is shown in Table 2. When V), = Nj, the input signal Nj is
negative strong stimulus, otherwise Nj is other stimulus.

N+ [T N 2 D2 St a
L . m—
§V1 _=E e
b
N2 1D + I: I_D—t;\ >

V2

.||.||||_|
|
O
3
g
g
L
&

Figure 5. Stimulus judgement module. OP; and OP, are comparators. V|1 =299V, V, = —0.1 V.
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Table 2. The voltage of a, b.

opr; oP; Va Vi
low level low level Ny 0
low level high level Ni 0
high level low level 0 Ny
high level high level Ny 0

4.2. Habituation Module

The habituation module is shown in Figure 6. When V; is initially input, the mem-
ristance of M3 remains unchanged because the amplitude of V, fails to reach the positive
threshold voltage of M3. The output of OPg is Vop, = —(R12/M3) X Vsum,. ABS; is an
absolute value module, which can obtain the absolute value of Vpop,. When V; is high
level, voltage-controlled switch Syg is closed and the output of ABS; is transferred to N3,
where Nj represents the output signal of the habituation module. The output voltage of
N3 exceeds the closed voltage of Si, because the memristance of M3 is unchanged. The
function of OPy is to sum the voltage, where the output of OPy is Vop, = Vy + V}, + V..
SUMy is sum component. V73 is applied to M3 through OPy and SUMj. Vq; exceeds the
positive threshold voltage of My and the memristance of M, is gradually reduced. The
output of ABMj is Vapm, = —Vin,/Vin, = M4/1000. Vapyy, is gradually reduced due to
the decrease of the memristance of My. OPy; is voltage comparator and OP;; outputs high
level when the input voltage is lower than Vi4. When V4, is less than V14, OPyq outputs
high level. Voltage-controlled switch Sy is closed and V4 is transmitted to S15 as feedback
voltage F;. When V, is low level, voltage-controlled switch Si5 is closed and feedback
signal F; is applied to M3 through SUM),. Fj is less than the negative threshold voltage of
M3 and the memristance of M3 is gradually increased. When V; is high level, the output of
OPg and Nj are gradually reduced, which indicates that habituation occurs. When Nj is
low level, voltage-controlled switch Syj is closed. V; is applied to M3 through OPy and
SUMy. Vq; is less than the negative threshold voltage of M, and the memristance of My is
gradually increased. When the output of ABMj; exceeds the threshold of comparator OPy;,
F, will disappear. When the amplitude of V; is increased, V, exceeds the positive threshold
voltage of M3 and the memristance of M3 is decreased. When V, is high level, the output
of ABS; and Nj are gradually increased, which indicates that dishabituation occurs.

Figure 6. Habituation module. F;, F; and F; are feedback signals. S11, S12, S13, S14, S15 and Spg are
the voltage-controlled switches. Vi3 = —0.1V, Vi =4V, Vi3 = 65V, Vjy =02V, Vj5 = =1 V. The
closed voltage of S14 and Sy5 is 2 V. The closed voltage of S11 and S1; is 1 V. The closed voltage of Sy
is 0.9 V. The closed voltage of 51315 2.1 V. Rjp = 1k, Rig = 100 (), Ry3 = Ry4 = Ry5 = Ry7 =20kQ),
Ry = 10 k.

4.3. Emotion Module

The emotion module is shown in Figure 7. The function of emotion module is to
generate different feedback signals according to the emotion signal (NN,). Feedback signals
affect the time of forming habituation. Habituation is more easily formed with positive
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stimulus repetition, while habituation is less easily formed with negative stimulus repe-
tition. N = 1 V indicates positive emotion, N = —1 V indicates negative emotion and
N, = 0V indicates neutral emotion. When positive stimulus is applied, OP; outputs a
feedback signal (F;). The change in the memristance of M, is influenced by F,. When V;, is
high level, the memristance of M, decreases faster. When V, is low level, the memristance
of My increases slower. The memristance of M, decreases faster than in the absence of
F, and the time to generate F; is reduced. OPj, outputs a feedback signal F; due to the
generation of F;. The voltage of F is increased due to the presence of F3, which makes
the memristance of M3 rise faster. The time to form habituation is also reduced. When
negative stimulus is applied, OP; also outputs a feedback signal (F,). The memristance of
My decreases slower than in the absence of F, and the time to generate F; is increased. OPj
outputs a feedback signal F; to reduce the voltage of F;, which makes the memristance
of Mj rise slower. The time to form habituation is increased. Feedback signals cannot be
generated when neutral stimulus is applied, indicating that neutral stimulus has no effect
on habituation.
Se

» T8 —AAA— S16 Rig
N: DD_,, | 3>c__[>t,:|:)—:~;\l
V16

= « = S17 R OP12
SR e P e S ey
-0 __LR5 N2 —-0 +>

a1

Ve —_ V17 —=
—T —T <

= Ss
R
T )i s
Q

v

R22

>>_ ._.‘ R
D14 —-_L ! R1o

Figure 7. Emotion module. V; = —05V, Vg =001V, Vy =05V, Vjp = —0.01V, Vi = —0.2V,
Vi7 =02 V.Ry = R5 = Rg = Ry = Rg = Ryp = Ri9 = Ryg = Rp1 = Ryp =20k, Rg =5kO. Dy is
a AND gate to control Sg. Dg and Dg control S;. Djg and Dqq control Sg. D13, D13 and D14 control Sg.
D17 and Dyg control S14. D1g and Dy control Si7. OPjp, Ry9, Ry, Rp1, Rpo form a voltage summation
unit. OP7, Ry, Rs, Rg, Ry, Rg, Ry and Ry form a voltage summation unit.

4.4. Sensitization Module

The sensitization module is shown in Figure 8. When Vj, is initially input, the mem-
ristance of M; remains unchanged because the amplitude of V}, fails to reach the positive
threshold voltage of M;. M, Ry and OPE module are used to realize proportional operation.
The output of V; is V; = (1 — R1/M;) x Vsum,. ABS; is an absolute value module, which
can obtain the absolute value of V;. When V}; is high level, voltage-controlled switch S3 is
closed and the output of ABS; is transmitted to Ny. Comparator is composed of OP; and
OPy. The output of ABM; is VABM1 = _VINZ/VINl = M;/1000. When V,, < VOUTZ <V,
D¢ outputs high level. The output of Dy exceeds the positive threshold voltage of M;
and the memristance of Mj is gradually reduced. The output of ABM; is also gradually
reduced. When the output of ABM; is less than V5, the comparator OPs outputs high level.
Voltage-controlled switch S3 is closed and the feedback voltage Fy is generated, where
Fy = Vi. When Vj, is low level, feedback voltage Fy is applied to M; through SUM;. F4
is less than the negative threshold voltage of M; and the memristance of M; is gradually
increased. When V}, is high level, the output of N, is gradually increased, which indicates
that sensitization occurs. When the voltage of N; exceeds V3, D¢ outputs low level and
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feedback signal F; cannot be generated. The output of Ny remains unchanged, which
means that the sensitization is completed.

Na (Vour2)

Figure 8. Sensitization module. F; is feedback signal. S3, S4, and Ss are the voltage-controlled
switches. The closed voltage of Ss is 2 V. The closed voltage of S3 is 0.9 V. The closed voltage of Sy is
2V.R; =1kQ, Ry =100Q, V3 =35V, 1, =2 V.

4.5. Complete Circuit

The complete circuit is shown in Figure 9, in which stimulus judgment module, habit-
uation module, sensitization module, emotion module are connected with each other. The
designed circuit realizes the functions of habituation, dishabituation, sensitization, emotion
generation, frequency-dependent habituation and so on, which are verified by PSPICE.

Stimulus judgment module
oD— S o D
N1 . )
= Sensitization module
I =S
OP2
@ — Na (Vourz)
—»>
—\2 - S
=
D7 R4
Se = V7
B Rs
Emotion module

Figure 9. Complete circuit.
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5. Implementation and Simulation of Circuit
5.1. Habituation and Dishabituation
5.1.1. Habituation

The simulation results of habituation are shown in Figure 10. The voltage of emotion
signal Nj is 0 V, which indicates that the input signal Nj is neutral stimulus. From 0 s
to 14 s, the feedback signal Fj is not generated. When Nj is high level, the output of N3
is VN, = Vags, = (Ri2/M3) x Vy1 = 2V, where the memristance of M3 is 0.5 k(). At
14 s, the memristance of My is reduced to 0.2 k() and the feedback signal F; is generated.
The voltage of Fj is less than the negative threshold voltage of M3. When F; is applied
to M3, the memristance of M3 is gradually increased. The voltage of N3 is also gradually
decreased with the increase of the memristance of M3. At 34 s, the memristance of Mj
increases to 1 k(). The voltage of N3 is reduced to 1 V and remains unchanged, which
shows that habituation is formed. The time of habituation under the neutral stimulus
is 34 s.

1V

ov

a). N1 Input signal
1y (@) NT_Input sig

-1V neutral stimulus/
(b). N2 Emotion signal
1KQ

P4
1
l_/_m;'istance of M3 rises td 1K
0.5KQ

(c). M3 ,

oV

-1V

1KQ (d). F1 Feedback signal _» feedback signal F1 is generated

v habituation occyrs

ov . [1 ] M
0 5 10 15 20 25 30 35 40
(f). N3 Output signal Tlme(s)

Figure 10. Habituation . (a) Input signal. (b) Emotion signal. (¢) Memristance of M3. (d) Feedback
signal F;. (e) Memristance of My. (f) Output signal N3 .

5.1.2. Dishabituation

The simulation results of dishabituation are shown in Figure 11. At 48 s, a strong
stimulus Nj is applied, where the voltage of N is 3 V. Sensitization cannot occur because
Nj is a neutral stimulus. The memristance of M3 decreases rapidly from 1 k() to 0.5 k(2 and
the memristance of M, rises rapidly to 1 k(). At 52 s, the voltage of Nj is reduced from 3 V
to 1 V and the output of Nj is reduced from 6 V to 2 V, which indicates that dishabituation
is completed.

5.2. Emotional Habituation

Habituation is influenced by emotional stimuli. When different repeated emotional
stimuli are applied, the time taken to form habituation is also different. Positive stimulus
promotes the formation of habituation, while negative stimulus inhibits the formation
of habituation.
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2 dishabituation

3V
v [ M M M M Moo
ov -

1V (a). N1 Input signal

ov
-1V

(b). N2 Emotion signal

habituation occurs

1KQ ~
the memristance of M3 decreases to 0.5K :
0.5KQ 2 the memristance of M3 risesI to 1IK
' (c). M3 !
ov ||
VG
1kq 71 — !
0 : ‘
e). M4 !
oV (e) :

oV — — —

60 70 80 90

40(f) Ns (V) O oo signal

. N3 utput signa .
Time(s)

Figure 11. Dishabituation . (a) Input signal. (b) Emotion signal. (c) Memristance of M3. (d) Feedback

signal Fj. (e) Memristance of M. (f) Output signal Nj .

5.2.1. Habituation Under Positive Stimulus

The simulation results of habituation under positive stimulus are shown in Figure 12.
The voltage of N, is 1 V, which indicates that Nj is positive stimulus. When positive
stimulus is applied, feedback signals F, and F, are generated. When Nj is high level, the
voltage of F, is —0.5 V. The voltage applied to My is reduced from 4 V to 3.5 V due to the
effect of F,, which causes the memristance of My to drop faster. At9 s, the memristance of
M, drops to 0.2 k(). When Nj is low level, the voltage of F; is 0.01 V. The voltage applied
to My is increased from —0.1 V to —0.09 V due to the effect of F,, which is greater than
the negative threshold voltage of My. The memristance of M, remains unchanged. The
time taken for the feedback voltage F; to be generated is reduced, which also reduces the
time for habituation formation. When the feedback signal F; appears, the feedback signal
F3 is generated. Feedback signal F; decreases from —1 V to —1.2 V due to the effect of
F3, which causes the memristance of M3 to rise more quickly. At 15 s, the memristance of
M3 increases from 0.5 kQ) to 1 k) and the voltage of N3 decreases from 2 V to 1 V which
indicates that habituation is formed. The time of habituation under the positive stimulus
is 15 s.

5.2.2. Habituation Under Negative Stimulus

The simulation results of habituation under negative stimulus are shown in Figure 13.
The voltage of Np is —1 V, which indicates that N is negative stimulus. When Nj is high
level, the voltage of F; is 0.5 V. The voltage applied to M, is increased from 4 V to 4.5 V due
to the effect of F,, which causes the memristance of My to drop slower. When Nj is low
level, the voltage of F, is —0.01 V, which causes the memristance of My to drop faster. At
17.5 s, the memristance of My drops to 0.2 k(). The voltage of F3 under negative stimulus
is 0.2 V. Feedback signal F; increases from —1 V to —0.8 V due to the effect of F3, which
causes the memristance of M3 to rise more slowly. It also takes more time for the voltage of
N3 to decrease from 2 V to 1 V. At 60 s, the voltage of N3 is reduced from 2 V to 1 V. The
time of habituation under the negative stimulus is 60 s.
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Figure 12. Habituation under positive stimulus. (a) Input signal. (b) Emotion signal. (c) Feedback

signal F;. (d) Feedback signal F,. (e) Feedback signal F3. (f) Memristance of M3. (g) Memristance of

My. (h) Output signal N3 .
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Figure 13. Habituation under negative stimulus. (a) Input signal. (b) Emotion signal. (c) Feedback

signal F;. (d) Feedback signal F;. (e) Feedback signal Fz. (f) Memristance of M3. (g) Memristance of

My. (h) Output signal N3 .

5.3. Frequency-Dependent Habituation

In addition to being influenced by emotion, habituation is also affected by the fre-
quency of stimulus. As shown in Figure 14, frequency of Nj is increased. When Nj is low
level, the memristance of My is increased under the effect of V1, which is called the callback
of the memristance of M,. The callback of the memristance of Mj is reduced due to an
increase in the frequency of the input stimulus. The time taken to increase the memristance
of M3 from 0.5 k() to 1 kQ) is reduced. At 20 s, the memristance of Mj rises to 1 k(), which
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indicates that habituation is formed. By comparing Figure 10, habituation is more easily
formed under high frequency of stimulus.

o ——

1\

ov :

v (a). N1 Input signal CT X =SS frequency of N1 increases
ny; neutral stimulus 4

1KQ (b). N2 Emotion signal

DS
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Figure 14. Frequency -dependent habituation. (a) Input signal. (b) Emotion signal. (c) Memristance
of M3. (d) Feedback signal F;. (e) Memristance of My. (f) Output signal N3 .

5.4. Sensitisation

The simulation results of sensitisation are shown in Figure 15. The voltage of N;
is 3 V and the voltage of N, is —1 V, which means that Nj is negative strong stimulus.
Sensitization is formed with negative stimulus Nj repetition. The voltage of Nj is less than
the positive threshold voltage of M; and the value of M; remains unchanged. The output
of OPE module is V; = (1 — Ry /M) x Vg, = 2.25V, where Ry = 1kQ and M; = 4 kQ.
When Vy < V; < V3, D¢ outputs high level voltage Vj;o, , where Vy;o, = 3.5 V. The output
of ABM, is M3/1000. Vy;e; exceeds the positive threshold value of My. The value of M,
and the output of ABM, are reduced. When the output of ABMj is less than V4, S14 is
closed. When Nj is low level, the feedback voltage F; is applied to M; to increase the value
of Mj. The change in the memristance of M; leads to the increase of the voltage of V;. The
voltage of Ny is also increased, which indicates sensitization occurs.

5.5. Result Analysis and Comparison Analysis

As shown in Table 3, a comparison is made with the previous nonassociative learning
circuits. The more complex functions of nonassociative learning under different emotional
stimuli are realized in this article. Compared with work [31-35], our work realizes the
functions of habituation, dishabituation, sensitization, frequency-dependent habituation,
emotion generation, emotional habituation, emotional sensitization.

Circuit performance is influenced by process variations and noise sources. In this
paper, the voltage variation of Nj is tested by PSpice Monte Carlo simulation. The reliability
of the system is affected by the tolerance of devices. The tolerance of R, and R, for all
memristor are set to 5%, and the simulation is repeated for 100 times continuously. As
shown in Figure 16, the results shows that the circuit system has high reliability.
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Figure 15. Sensitisation. (a) Input signal. (b) Emotion signal. (c¢) Memristance of M. (d) Feedback
signal F5. (e) Memristance of M. (f) Output signal Nj.
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Figure 16. Monte Carlo simulation.
Table 3. Comparison of functions implemented by several different works.
Frequency- . . .
Work Habituation Dishabituation  Sensitization Dependent Emothn Emf)tlon'al Em?t.lonfll
. . Generation Habituation Sensitization
Habituation
[30] Vv X X Vv X X X
[31] Vv v Vv X X X X
[32] X X X X 4 X X
[33] X X X X Vv X X
[34] v v v v v v v
this work 4 Vv 4 Vv V4 Vv V4
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6. Conclusions

In this paper, a memristive circuit of nonassociative learning under different emotional
stimuli has been designed, in which the functions of habituation, dishabituation, frequency-
dependent habituation, emotional habituation, and sensitisation have been implemented.
The effect of different emotional stimuli on nonassociative learning has been considered,
where positive stimulus promotes habituation formation while negative stimuli inhibit
habituation formation. In addition, sensitization will occur with strong negative stimulus
repetition. Frequency-dependent habituation is also implemented, which enables the
designed circuit to be more bionic. However, the circuit designed only considered the
effects of emotion and the frequency of stimulus on nonassociative learning, which ignores
the effects of other factors on nonassociative learning. For example, the variety of stimuli
and different personalities can have an impact on nonassociative learning. In addition,
we should concentrate on improving the integration of circuits and implementing more
complex biological mechanisms.
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