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L.O. Chua, “Memristor—the missing circuit element,
IEEE Trans. Circuit Theory, vol. 18, no. 5, pp.507-
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dv = Rdi
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dq = Cdv

0~ | e

Inductor Memristor
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dv = Rdi
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Capacitor
dq = Cdv

2008%F , EEFEAREMmHIEL

- 1CPHAIIIE =

Memristor
dp = Mdg
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Williams, “The missing memristor found,” Nature,
Menristive systems vol.453, pp. 80-83, 2008.
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1. Cap containing a figure-of-
eight shaped magnet connected
to an electric current is placed

A onhead. Magnet is made up of
A abundle of intertwined wires

BFHREIF I

=z - = |‘ and is near the left ear.
lb‘%kﬂm Eyu WL 2. The tiny magnetic pulses
disturb electric circuits on

left side of the brain, which
usually sees the ‘bigger
picture’ and suppresses the
detail-hoarding right side.

3. Details filed
unconsciously come
to the fore, creating
a burst of creative,
mathematical or
other talent.
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Stochastic phase-change neurons 20165 HIBMEIRK
Tﬁﬁﬁﬁﬂfm*ﬁﬁm

Tomas Tuma'*, Angeliki Pantazi', Manuel Le Gallo'?, Abu Sebastian' and Evangelos Eleftheriou™

Artificial neuromorphic systems based on populations of spiking neurons are an indispensable tool i
human brain and in constructing neuromimetic computational systems. To reach areal and power effi
to those seen in biological systems, electroionics-based and phase-change-based memristive devices
as nanoscale counterparts of synapses. However, progress on scalable realizations of neurons has ¢
Here, we show that chalcogenide-based phase-change materials can be used to create an artificial r
membrane potential is represented by the phase configuration of the nanoscale phase-change devic
physics of reversible amorphous-to-crystal phase transitions, we show that the temporal integrat
potentials can be achieved on a nanosecond timescale. Moreover, we show that this is inherently stoc
melt-quench-induced reconfiguration of the atomic structure occurring when the neuron is reset. We ¢
of these phase-change neurons, and their populations, in the detection of temporal correlations in p
and in sub-Nyquist representation of high-bandwidth signals.

nature
materlals PUBLISHED ONLINE: 26 SEPTEMBER 201

Memristors with diffusive dynamics as
emulators for neuromorphic computing

Zhongrui Wang'", Saumil Joshi', Sergey E. Savel'ev?, Hao Jiang', Rivu Midya’, Peng Lin', Miao Hu?,
Ning Ge?, John Paul Strachan®, Zhiyong Li3, Qing Wu®*, Mark Barnell*, Geng-Lin Li°, Huolin L. Xin®,
R. Stanley Williams?, Qiangfei Xia' and J. Joshua Yang'™
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[1] R. Hasan and T. M. Taha, "Enabling Back Propagation Training of Memristor Crossbar Neomorphic
Processors," in IEEE International Joint Conference on Neural Networks (IJCNN), 2014, pp. 21-28.




M e RS RAE RS

Synaptic Grid

e
SRNGEREEN

Circuit
- . . x
[nput Hidden Hidden
laycr W 1 layer 1 layer 2 (Input) (k)
S » @ < 0+ I |pr

_——+ Y (Result
(Error)

Enable
1raining

[2] D. Soudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, '""memristor-based multilayer neural networks
with online gradient descent training," IEEE Transactions on Neural Networks and Learning Systems, vol. 26, pp.
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Fig. 1. Circuit of memristor-based recument netw ork, where x,(.) is the state of thei-th subsystemn, fi.) is the amplifier, Ry is the connection resistor betwieen the amplifier
Syt and state a3, Me and O are the memristor and capacitor, [y is the extemal input, @i, by are the cutputs, i.j= 1. 2,....n,
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Dxi(t) € —cixi(t) + Y K(ay(xj(D))fi(x(£)) + L.
=1

J

(H1) The neuron activation functions f; are Lipschitz-continuous
on R with Lipschitz constants F; > 0 respectively, i.e.,

fitu) — fi(v)| < Flu—v|, u,veR.

Let the set-valued maps be as follows

aijsA ) X;(f)
K (ajj(x;(t))) = §coiay. az}.  |x;(0)
dij, Xj(t)

fori,j=1,2,...,n.

> 1,
=T,
< TIj,
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