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0.15,0.2,0.25
Fig. 1. Hysteresis loop characteristics of the memristor: (a) different amplitudes A = 0.1,0.15,0.2 at

w = 0.3; (b) different frequencies w = 0.15,0.2,0.25 at A = 0.3.
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Fig. 2. Discharge patterns of the KTz neuron: (a) plateau spike firing; (b) bursting firing; (c) fast spike

firing; (d) regular spike firing.
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Fig. 3. Schematic of the KTz neuron under self-feedback modulation and external electromagnetic effect.
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Fig. 4. Dynamical behaviors of the SOM-KTz model under different discrete time steps A7: (a)
Lyapunov exponent spectrum; (b)—(d) time-series firing patterns of the membrane potential z,, at

AT = 0.2, 0.5, and 1, respectively.
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Fig. 5. Dynamical behaviors of the SOM-KTz model under different coupling strengths e: (a) Lyapunov

exponent spectrum; (b) bifurcation diagram.
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membrane potential , in time series.
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Fig. 7. Dynamical behaviors of the SOM-KTz model under different memristor control parameters c: (a)

Lyapunov exponent spectrum; (b) bifurcation diagram.
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Fig. 8. Phase-plane attractors of the SOM-KTz model under different memristor control parameters c:
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respectively.

HIEI7TRT O, BEEIZBE & A S B, RSN 1#AT N BRI E AR R . 2 e BUBIME R
RGAAMWANIESHER R TEE, W RERARES: &R, e~ —13MIT, R HERMRE
AR . 3E—2BH, fEc € [-0.79, —0.67|X[H N, RGHMEANFAIAE L, RINFE A BHE
1T H: Mc € (—0.67,—0.27), RGEFHRHENRHIRE; MifEc € (—0.2,=0.1) XA, FRE I 22 IHE
IR AT A B8 T A S Hc = —2.5. —1. —0.783. —0.2v. —0.1 —0.020 X M A . o,
P8 () Xof LRV IR 51, BB 250 5 2% B2 BB S iR A s BT () R IE I 51, il S AN
GRGEEER ;IS () RIUNEIIN S T, WS ZA B 45 -7(a) 5E8(d), Ze= —0.211, HIK7|
FRIUAUE T IAIE Z I A Lk E8(e) 5 BS(f) IR 51 1, FILH IR 1Ak E Bt o AR 1E -

NIV B S B e 2 e B V2 RE 0, W LT IS IR 5 45k, IREUSAS A S
HCAHBEAT T o FBE AL A I 8] 5 B AR R OB . O TTBLR H, ANRIZ B A R Y g 242
TCHAT A He = —2.50, REGEIVERMEBCE, WE9(a) i, BLR ETA S RIEECILE, =
0.41. LE, = 0.1; e = 1N, RGERINRIEBAE, WEI(D)Fra, XMMLE, = 016 LE;, ~ 0;
Yo = —0.7830F, RGEIALBCE, WE(c)Fizn: He = —0.210, KGRI HEH G, k()

13



s Yo = —0.1Mc = —0.020F,  FR G053 2 I FRAS [FRAE VR AR AR R AR R, an 9 (e) AL () i

gk b, ACPHER R S B R IE X SOM-K T2 (OB B sk AT %, [ R R BUERIE ., TRt M
SR AR B A 2R, IFRE R A 2 B RS, X R S B R R PR BN 12247 A

<> H" “ \' Hf (b): | “H \ “ (C)f ‘ \
i m ” J\I ki LWW’ i \\ 4 : l : ‘ }

\ Mwmm ~ ‘Mwm«m h '

0: ﬂ| ﬂ h‘” “ ‘H
=i w\ b W

45 | \\‘
,g‘m\www

h\h H‘!‘ [ W\ M -
. \

‘}‘ u\ w Nj‘m Wu }

Bl 9 ANEMZFH #2612 8 FSOM-K Tz B IS (0] )7 51 (a)—(f) 2% fie = —2.5. —1. —0.783.
—0.22 —0.1H1—0.026f i AL, BT 18] P A1 TR LB 20

Fig. 9. Time series of the SOM-KTz model under different memristor control parameters c: (a)—(f)
correspond to the firing patterns of the membrane potential x,, in time series at ¢ = —2.5, —1, —0.783,

—0.2, —0.1, and —0.02, respectively.
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c=1KMT, REEBRIME IR X RN LIRS FIAIRR . NIERIZI SR KA
W, SRR A R HI4A1E (0.1, 0.1,0.1,0.1,0.1)F1(—0.5, —0.5, —0.5, —0.5, —0.5) 73 51| ALT A 5 o 4T
PRIR, TS RINEL0FTR . HE10(a) W, FERESBIXIE N, RGN 8 ARG %A B R
WaitE, R RGAAEREMNZRERE. b, E10(0) ()% H T HFEZHEAE AR A 5]
TIPSR, B, Me = 1.5, REGZIAM-6T 5] S5l FAIIRE FHRIE7: He = 3.2, RE%
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Fig. 10. Bifurcation diagram and phase portraits of coexisting attractors: (a) bifurcation diagram versus

parameter e under different initial conditions; (b) coexistence of a period-6 attractor and a quasiperiodic
attractor at e = 1.5; (c) coexistence of a period-5 attractor and a period-4 attractor at e = 3.2; (d)

coexistence of a chaotic attractor and a period-4 attractor at e = 3.5.
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Fig. 11. Coexisting firing behaviors of the membrane potential z,, under different parameter conditions:
(a) coexistence of periodic and quasiperiodic firing behaviors at e = 1.5; (b) coexistence of periodic firing

behaviors at e = 3.2; (c) coexistence of chaotic and periodic firing behaviors at e = 3.5.

3.5 WKEHIT

REHITRIBE RS HANVIIE FAFRFEAZRE R T, REPIE A K A EE AL b i — )
FFIRE B RIE NG — M) J1Ras. wE, MR — MRk s e = AN I
FLSOM-KTzHE R, &I 4 WIHE [ 2 N (20, vo, 20, S0, wo) = (0.1,0.1,0.1,0.1,0.1)i, RG A EILHFHA

FEIZE R PR ASFGT IS, E120 7R,

<%: . (). -
SHrT t i
ﬂMLMHHW AN —

n

K 12 SOM-KTz#& M [FRR A #EAT s
BT

(a) HIHE IR RIS T (b) BRI 17 A JPIR

Fig. 12. State transition behaviors of the SOM-KTz model: (a) transition from quasiperiodic oscillation

to hyperchaotic state; (b) transition from chaotic state to periodic state.

B, BESHK =06, I =0. T =0.25. § =0.00l. ¢ =0.00l. zr = —0.5. a=0.3. b=0.2.
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Fig. 13. Spectral entropy distributions of the SOM-KTz model: (a) spectral entropy distribution on the
e—c plane; (b) spectral entropy distribution on the K—c plane; (¢)—(d) corresponding three-dimensional

spectral entropy distributions.

4 NISTIM I K #E 14 523,

4.1 NISTi®

NIST SP 800-22/2 —F#) 2 I\ ¥ B D BENLET 5 G v M hr e, FH TR0 17 412 5 B &0 2 15
Bz AN BRI GT BN . ZMRE RS REENER K, 2 H AT E bR A Oy B LR A 38
BENLIERE M E B bR — o TEARRT T, B TR ISOM-K T2 AR A iR M 5 41 . R G WIA6 26 &
H(z0, Yo, 20, S0, wo) = (0,0,0,0.1,0.1), SHIUEN(K,I,T,6,e,2r,a,b,c,e) = (0.6,0,0.35,0.005,0.005,
—0.5,0.18,0.03,1,3), TEHEM FAERMEITCIEBAFIX = {2(1),2(2),...,2(n)}. FEHFHZ IO H AL
B, EHUT S, JFRIEIEEE 7547F MR R S AR R J326 — 2t I EdE, 12 Xp(n). S,
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MAEEAS 327 M rh S BB 25 B 51 326 bRy, MU RRONBEHLP A1, HBea3Rik 5308

P = (X5(n))ys: - (13)

VAR BT AL B Dy BEALT B I BEALYE, KT S ANIS TR B A AT A 5 . ARYENISTARE, %0
GRS LAPIEAE A F K . 24P > 0.01 3B 523 AR R AR UEZR I, AIA i 5 515@ AR 2 F B AL
PERRSG . 7ERARINR R, A A D BE ML i A K 100 bit,  FF R IENISTIAE R KI5 10040 #
ARPATGIRS . 1P A PREAE R EE T RIRNI B 5], @i S R il st B B
HE 58 (O RE A KL SRR AR L] . B L5 TR S R R 1R

1 NISTWIR

Table 1. Results of the NIST tests.

TRS) I T P1H SIPURE
01 g 0.0966 1.00
02 A 0.2248 1.00
03 RIFH(F) 0.0146 1.00

RIFAI(R) 0.7399 1.00
04 TERE 0.2368 1.00
05 KR 0.0669 0.99
06 T RERR 0.6993 0.98
07 S A 0.5141 1.00
08 A HE ST * 0.7598 0.96
09 H S 0.6579 1.00
10 BHAST 0.2248 1.00
11 pla(YeLi] 0.2622 1.00
12 BEALIFRE* 0.7231 0.97
13 BEAT LI R A A 0.4220 0.97
14 ¥ (1st) 0.7399 1.00

741 (2nd) 0.5341 1.00
15 MR LT 0.0712 1.00

T AFESMHIIUEE . BEYLEARARENUR R B 148, 8. 18D TR, iRE RN R ESR.
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4.2 MWHI

Y AESOM-K T2 A% A1 7 SEFR i i o (K W] SERLIE S L3 /0 2 AT NI SER AT SR, AR S ib i 7 — B
T STM32f 28 il 25 (1 B - AR SE e~ 5 o AEREFECE DT, P & %0885 R Fl STM32F407ZG T6 1%
M85, HAEHUN168 MHz, R ABORMIFEAUSHEES), Rebi QB BoBi B sem ik AR S 75 k. Bl
53 R ADS6SONGE TE MU 4 3%, %28 LA 166050 W, Al SLIL g AN IR 2S48 1) (R S0 AR 0L P JR
Mo eI AR, s b 4% TR BN S ORI IR 5% 1R C BOIR S AR B 0T, i SPIH: PR kAR 45 R
L4 22 ADB689, - £~ B A X WU 3 i 5 5 BEAT SERS W 5 R B . LR B AR IC R BT ST RFSOM-
KTz S S5 1 R AR . B4R T BT B0 BT 6 I RGHER], EI1525 T SERRIE -2 M
AR SR80~ & 1 SEP B

Bl 14 FE T il 4 RO RE A SE56-1- 6 1 R GAE K]

Fig. 14. System block diagram of the microcontroller-based hardware experimental platform.

15 FET s hil g A 1 & Se ]

Fig. 15. Photograph of the microcontroller-based hardware platform.
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Fig. 16. Attractor phase portraits and corresponding hardware experimental results.
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A KTz neuron model based on a discrete
second-order memristor: dynamical analysis and

hardware implementation™

WANG Mengjiaol  LIAO Yuzhou

( School of Automation and Electronic Information, Xiangtan University, Xiangtan 411105,

China)

Abstract

Compared with first-order memristors, second-order memristors exhibit better bio-inspired charac-
teristics due to their possession of two internal state variables and can describe more complex nonlinear
modulation effects. Motivated by this advantage, a KTz neuron model based on a discrete second-order
memristor is proposed in this work. By introducing a discrete second-order memristor with .dual internal
state variables into the KTz neuron, the proposed model achieves a unified description of the autap-
tic feedback mechanism and external electromagnetic modulation effect, thus enhancing its capability
to characterize complex neuronal firing behaviors. The firing dynamics of the model are systematically
investigated by means of equilibrium-point analysis, Lyapunov exponent spectra, bifurcation diagrams,
phase portraits, and time-series analysis. The experimental results show that the proposed model can
generate abundant firing patterns, including periodic firing, quasiperiodic firing, chaotic bursting firing,

and hyperchaotic firing, and can also exhibit rich nonlinear dynamical phenomena such as state transition
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and coexisting attractors. These results also indicate that the model has strong sensitivity to parameters
and initial conditions, as well as complex nonstationary dynamical characteristics. To further evaluate
the complexity of the proposed system, spectral entropy is introduced to measure the irregularity and
complexity of the generated sequences from the frequency-domain perspective. Meanwhile, the statistical
randomness of the output sequences is verified by the NIST SP 800-22 test suite. The experimental results
demonstrate that the chaotic sequences generated by the proposed model possess good complexity and
satisfactory statistical randomness. Finally, a digital hardware implementation platform based on the
STM32F407 microcontroller is constructed to realize real-time iterative computation and signal output of
the model. The experimental results obtained from the hardware platform are in good agreement with
the numerical simulations, which verifies the feasibility of the proposed model. These results suggest
that the model has potential application value in complex neuronal dynamical modeling, chaotic sequence
generation, and related engineering implementations.

Keywords: discrete second-order memristor, discrete neuron, firing pattern, hardware
implementation
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