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Fig. 1. Hysteresis loop characteristics of the memristor: (a) Different amplitudes A =0.1,0.15,0.2 at w = 0.3; (b) different fre-

quencies 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) regu-

lar spike firing.
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Fig. 4. Dynamical behaviors of the SOM-KTz model under different discrete time steps Ar: (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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Fig. 6. Phase portraits and time series of the SOM-KTz model under different coupling strengths e: (a)-(c) Phase portraits at

e=0.6, 0.92, 3, respectively; (d)—(f) corresponding firing patterns of the membrane potential x, in time series.
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Fig. 7. Dynamical behaviors of the SOM-KTz model under different memristor control parameters ¢: (a) Lyapunov exponent

spectrum; (b) bifurcation diagram.
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Fig. 10. Bifurcation diagram and phase portraits of coexisting attractors: (a) Bifurcation diagram versus parameter e under differ-
ent 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 x, under different parameter conditions: (a) Coexistence of period-
ic and quasiperiodic firing behaviors at e = 1.5; (b) coexistence of periodic firing behaviors at e = 3.2 ; (¢) coexistence of chaotic

and periodic firing behaviors at e = 3.5.
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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.
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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 en-

tropy distribution on the K-c plane; (¢)—(d) corresponding three-dimensional spectral entropy distributions.
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Fig. 14. System block diagram of the microcontroller-based
hardware experimental 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”
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(School of Automation and Electronic Information, Xiangtan University, Xiangtan 411105, China)
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Abstract

Compared with first-order memristors, second-order memristors exhibit better bio-inspired characteristics
due to their possession of two internal state variables and can describe more complex nonlinear modulation
effects. Motivated by this advantage, this work proposes a KTz neuron model based on a discrete second-order
memristor. 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 autaptic feedback mechanism and the 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 and coexisting attractors. These results also indicate that the
model is highly sensitive 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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