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Abstract: Reservoir computing (RC) is possible using physical systems. We have previously
proposed an RC for ideal atomic switches. When temporal current fluctuations (noise) from
the measurement of actual atomic switches are introduced into the proposed RC, performance
degrades significantly. To address this issue, we propose novel methods for increasing the
operating current range and observing the atomic switch several times to determine the average
noise. Consequently, the memory capacity of the RC model increased, despite the presence of
noise. To improve the precision of RC, we investigated the capacity and showed that changing
the time constant of atomic switches results in an improvement.

Key Words: atomic switch, neural networks, physical reservoir computing, delayed feedback
reservoir computing

1. Introduction

Reservoir computing (RC) is a type of recurrent neural network (RNN) architecture that exhibits

temporal dynamic behavior [1] and can be implemented in physical systems [2]. Therefore, various
physical RCs (PRCs) have been proposed (e.g., optical, spintronics, soft and elastic material, molec-
ular, and field programmable gate array) [3-7]. Our proposed atomic switch PRC exhibits superior
power scale, readability, spatial and temporal scalability, and mass producibility [8]. We simulated
and evaluated the proposed RC with ideal atomic switches and obtained a large memory capacity
(MC) with high precision [9]. In this paper, we introduce a measured current fluctuation from an
actual atomic switch (noise) into our RC model, and evaluate the change in performance. Although
the MC is decreased, and the error is increased, owing to the noise, we devise a method for improving
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Fig. 1. (a) Structure of proposed atomic switch reservoir, (b) structure of the
molecular gap atomic switch, (c¢) current mirror circuit used in our RC used
to read and write data (headers), (d) performance of previous atomic switch
reservoirs: SP vs. MC & the normalized the root-mean-square error (NRMSE)
(NARMAIO task).

the RC performance and confirm it using the simulation.

2. Reservoir on atomic switches

The structure of the proposed atomic switch RC is illustrated in Fig. 1 (a). RC on the atomic switches
uses the structure of a delayed feedback reservoir (DFR), which uses time-division multiplexing input
data for reservoir calculations [10]. In a conventional DFR, the time-multiplexed input value is written

into a delayed-loop structure through the nonlinear calculation module. In our proposed DFR, the
input data are recorded in the devices, and the input/output current mirror circuit (header) (Fig. 1
(c)) is moved, and it can represent the same structure as conventional DFR.

We used molecular-gap atomic switches (Fig. 1 (b)) as the memory devices [11]. In an atomic
switch, the atoms form a filament between the electrodes, which controls the bias input, and it
changes the resistance exponentially. When a positive bias is applied, the atoms are deposited, and
the resistance decreases. When a negative bias or no bias is applied, the atoms are ionized and
dissolved, and the resistance increases. Because the atomic switch has superior characteristics for
reservoir calculation, such as nonlinearity and short-term memory, the atomic switch RC is expected
to provide high performance. When the device is applied with a bias greater than the threshold
bias for a certain time, it maintains a lower resistance (ON state). However, in our PRC, the device
does not switch, and we use it with a small bias because an excessively large resistance change is not
appropriate for use in RC calculation (OFF state).

Figure 1 (d) shows the simulation result of this reservoir with 201 RC nodes [9]. We obtained large
MCs and low NRMSE with the NARMA10 task, finding that the RC performance was affected by
the scan period, which is the during of the header moving of the reservoir loop.

3. Measurement of the atomic switch

We measured the atomic switches to introduce current fluctuations from the actual device to our
RC model. The structure of the measured atomic switch (Fig. 2 (a)) is Pt (30 nm), NN’ -
diheptylperylenetetracarboxylic diimide (PTCDI) (6 nm), TasOs (2 nm), mixed layer of TasOs and
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Fig. 2. (a) Atomic switches, (b) I-V curve of atomic switch for measuring in
“short” and “append” with an Agilent 4156¢ precision semiconductor param-
eter analyzer.

Cu (22 nm), Cu (10 nm), Pt (10 nm), and Au (50 nm) from the top. The Pt layer is the top electrode,
the PTCDI layer is the molecular gap, the TasO5 layer and the mixed layer of TasO5 and Cu are
the ionic transfer layer, the Cu layer is the ion resource, and the Pt and Au layers are the bottom
electrode. Figure 2 (b) shows that the results of I-V measurements five times in “short” and “ap-
pend” of the atomic switch using an Agilent 4156¢ precision semiconductor parameter analyzer. As
can be seen, current fluctuations occur when a voltage is applied to the atomic switch. The current
fluctuation (noise) was introduced into the atomic switch model.

4. Introduction of noise model
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Fig. 3. (a) Reservoir model [9], (a) noise model, (b) I-V Curve of atomic
switch with noise model in simulation.
To introduce noise into model, we propose the current source shown in Fig. 3 (b) and simulated it
using the proposed atomic switch models [9], which are

T.0r = — (00 — aw) | To0p = — (08 — (00— V) — JT.) , (1)
R =krexp{—6 x [(00)} Floo) = tanh (s x (00— ) — g x (06— 1),  (2)

where v is the applied bias; R is the device resistance in Fig. 3 (b); o, and o¢ are variables; «, 3, Vg,
s, g, and d are constants; and 7. and 7y are time constants. Then, the RC equations are written as
shown in Fig. 3 (a). Figure 2 (c¢) shows that the noise increases in proportion to the voltage in the
small voltage range, but it does not increase when the voltage is large. In our model, the value of the
current source is increased in proportion to the voltage in v < 1, where v is the voltage applied to

the atomic switch and the constant value of the noise range in v > 1. The value of the current source
I,(v) in Fig. 3 (b) is

A-n(t)-v (v<1)
I”(”):{ Aen(t) (>1) 3)

where A is the amplitude of the noise, and n(t) is a uniform random number (0 < n(t) < 1).
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Figure 3 (c) shows the results of simulation the I-V characteristics of the model with the current
source shown in Fig. 2 (b). The voltage was swept from 0 to 2 V, and the current was measured four
times. The noise amplitude of I,,(v) was set to A = 10719 to match the measurement results of the
actual atomic switch. The result was similar to that of Fig. 2 (c).

5. Simulation Results
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Fig. 4. (a) SP vs. MC & NRMSE (NARMA10 task) about RC model with
and without noise, (b) the number of average vs. MC & NRMSE (NARMA10
task).

Figure 4 (a) shows the simulation results of atomic switch RC with noise model. In this RC, the
MC and NRMSE deteriorated significantly. Therefore, we considered two methods to improve the
performance of this PRC.

5.1 Current range increase

The first method proceeds as follows. In previous simulations, the input/output current mirrors were
operated at a sub-threshold current. It was made to operate at an over-threshold to improve the
signal-to-noise ratio. First, we increase the input from the current mirror circuit (the value of the
“current source” in Fig. 1 (¢)) from ~ 1 nA to ~ 100 nA. However, when the input is increased,
the voltage between the two ends of the atomic switch on the write side is fixed to the power-supply
voltage (the voltage at the lower end of the atomic switch becomes zero), owing to the high resistance
of the atomic switch. Therefore, the input value of RC is not fully reflected in the atomic switch. To
solve this problem, we must increase the supply voltage and/or reduce the resistance of the atomic
switch. Hence, we set the supply voltage to 3 V. Additionally, because the resistance of the atomic
switch in the OFF state can be changed, the simulation of this RC was conducted with the OFF
resistance of the atomic switch set to one-tenth of the value of the previous RC.

5.2 Average the reading data

Second, we considered taking multiple readings of the atomic switches and averaging the readings to
reduce the effect of noise. Figure 4 (b) shows the relationship between the average number of times
and MC and NRMSE of the NARMA10 task (SP = 0.02 s in MC, SP = 0.13 s in NRMSE of the
NARMAI10 task) of atomic switch RC after increasing current range. Increasing the average number
of readings improved the MC, but the NRMSE did not improve.

6. Nonlineality of the atomic switches in the RC

Because the NRMSE of the NARMA10 task did not improve, we measured the capacity to determine
the cause of the problem. The capacity can help evaluate the short-term memory capacity for higher-
order target signals. Here, the capacity is the sum of the squared correlation coefficients of prediction

for the delayed polynomial equation, which is a Legendre polynomial, consists for a certain degree,
and proposed in [12]. The capacity of the proposed RC is illustrated in Fig. 5 (b). In this figure,
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Fig. 5. (a) Input/output characteristics of atomic switch dependence input
duration, (b) capacity of atomic switch RC without noise, with noise, and after
change the attenuation time constant.

the horizontal axis represents the order of the target function, and the vertical axis represents the
capacity. Comparing the capacity with and without noise, we found that the capacity of some orders
is missing. To explore the cause, we investigated the input—output characteristics of the atomic switch
model before the introduction of noise. Figure 5 (a) shows the result of reading the current value after
input from the current source for At s and waiting for t,, s. It is shown that At = t,, 5t,, and 10t,,
where t; is the duration of the input node when the NRMSE is the lowest in the RC model, which
is represented as t; = SP/N, where N is the number of RC nodes, and SP = 0.13 s. The waiting
duration of t,, is the duration between the input to the atomic switch and the next readout in the
RC model, which is represented by t,, = SP/N x (N —1).

Figure 5 (a) shows that the nonlinearity of the atomic switch could not be utilized when inputting
the data with At, which is used in our RC. When At is increased (At = 10t,), the RC calculation
can be performed within the range where the nonlinear region of the atomic switch can be utilized.
However, when t is increased, the data attenuation in the RC is excessive, and the RC performance
cannot be improved.

To prevent excessive attenuation in the RC, even when t; is increased, we considered an atomic
switch having a long attenuation time constant (7,), which is a parameter that determines the rate of
resistance change when the voltage is stopped compared with the input time constant (7,), which is
a parameter that determines the rate of resistance change when the voltage is applied. In our atomic
switch model, the input time constant and the attenuation time constant are the same, but some
actual devices behave in such a way that they are different. Additionally, when the attenuation time
constant was increased, it became possible to use the nonlinear region of the atomic switch without
changing t,, because there is an offset at the next input of one input. The capacity when 7, = 167,
is shown in Fig. 5 (b). The order capacity, which was missing for the RC with noise, was recovered.

7. Conclusions

The RC was simulated with a model that introduced current fluctuations measured in an atomic
switch into our design, and the performance deteriorated. To improve the RC performance, the range
of the input current of the current mirror was increased, and the current readout of the atomic switch
was averaged repeatedly. As a result, the MC improved, but the NRMSE of the NARMA10 task did
not improve. The capacity was investigated, and it was shown that capacities of some order were

missing. To solve this problem, we considered taking advantage of the nonlinearity of the atomic
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switch. As a result of simulating with a model in which the time constant at attenuation was longer

than the time constant at input, we found that we can utilize the nonlinearity, and the capacity is

improved.
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