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Abstract— In this research, one van der Pol oscillator is 

considered as one node, and the oscillators are interconnected 

using resistors to form a reservoir layer. A networked reservoir 

computing model which has two layers is proposed (two-layer 

reservoir). A waveform classification is performed, and the 

accuracy is compared with a single-layer reservoir. The results 

show that changing the nature of the oscillator for each layer 

improves the classification accuracy. This result suggests that 

using the two-layer reservoir increases design flexibility and 

improves accuracy.  
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I.  INTRODUCTION  

A Deep learning is a machine learning technique based on 
artificial neural networks. It has excellent performance in 
image and speech recognition and natural language processing 
[1]~[3]. However, it requires a lot of calculation time and 
computational resources to train large models, making it 
difficult to predict learning time. Therefore, machine learning 
models with low computational complexity and high 
performance are important. A reservoir computing is a highly 
accurate method that requires less energy and computation than 
traditional AI models. Unlike traditional neural networks, a 
reservoir computing requires only operations primarily in the 
readout layer. It also has its own unique dynamics, which is a 
nonlinear projection of the input onto a higher dimensional 
space. 

This study focuses on a network reservoir computing, 
which uses oscillators as computational elements. Coupled 
oscillator models are the basis for modeling and analyzing 
rhythmic behavior in neuroscience and engineering [4], [5]. 
van der Pol oscillators are particularly simple and versatile 
coupled systems. In our study, increasing the number of 
reservoir layer to two improves the efficiency and accuracy of 
reservoir computing systems. Our research contributes to the 
development of energy-efficient, high-performance systems 
suitable for resource-limited environments. 

II. PROPOSED METHOD 

A. Proposed reservoir model 

In this study, a two-layer reservoir using interconnected 
oscillators is proposed. The oscillators are coupled alternately 
through resistors. Fig. 1 shows an overview of the structure of 
the proposed two-layer reservoir computing model. 

The circuit equation is shown below. N is the number of 
oscillators. 

 

 

 

 

 

 

 

Figure 1. Proposed reservoir computing model (two-layer reservoir). 

 

 
 

A van der Pol oscillator includes nonlinear resistors 
exhibiting third-order characteristics. The current-voltage 
characteristic of the nonlinear resistor is shown below. 

 
 

The circuit equation is normalized using the normalization 
parameters. The normalization parameters and the 
normalization equations are shown in (3) and (4). 

 

 
 

K is the coupling strength and represented by (5). 

 
 

Here, E represents the adjacency matrix of the network. It 
indicates whether the kth oscillator is coupled to the nth 
oscillator. If E = 1, it means they are connected, E = 0 indicates 
that they are not coupled. 
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B. Simulation method 

For the input signal waveform, a data set of 20,000 mixed 
waveform of square and sawtooth wave with amplitudes 
ranging from -1 to 1 was used. Each data point was input at 1τ 
intervals according to the Runge-Kutta method. The first 
10,000 data sets were used for training and remaining 10,000 
data sets were used for test. Each period of the square and 
sawtooth waves is generated from 80 data sets, and each 
waveform period is repeated a minimum of two times and a 
maximum of four times, and then mixed randomly. The 
Runge-Kutta method was used to simulate the oscillators by 
solving the normalized equations of the van der Pol oscillator. 
A moving average of the oscillator voltage and a moving 
average of the current in the reservoir layer were taken. These 
were the outputs of the reservoir layer. The target function is 
time series of one-hot vectors in which the sawtooth wave part 
is 0 and the square wave part is 1 in the input waveform. 
Ridge regression is performed using the data of reservoir layer 
output and the target function. 

The evaluation method will be explained. First, the output 
of the model is binarized by setting the threshold to 0.5. Next, 
in one period of the input waveform, the most frequently 
occurring labels are arranged as representative values to obtain 
a binary label sequence. Finally, the percentage of agreement 
between the binary label sequence obtained earlier and the 
target is evaluated using the accuracy rate (ACC). Compare the 
accuracy rate when the reservoir layer is a single-layer and 
when the reservoir layer is a two-layer. 

III. SIMULATION RESULTS

When the reservoir layer is a single-layer, the simulation 
was performed in a fully coupled state with 100 nodes and a 
coupling strength of 0.05. When the reservoir layer is a two-
layer, the simulation was performed in a fully coupled state 
with 50 nodes in each layer and a coupling strength of 0.05 in 
each layer. In this simulation, the parameter ε which represents 
the nonlinearity of the van der Pol oscillator and p which 
represents the coupling probability of oscillators are changed, 
and the results is compared. Tab. Ⅰ shows the results of ACC. 
The accuracy is the average over 10 trials. 

TABLE I. RESULTS OF THE SIMULATION  

Reservoir 

type 

single-layer two-layer 

reservoir1 reservoir2 

ε 0.1 0.1 0.5 0.5 0.1 0.5 

p 1 0.01 1 0.01 0.1 0.01 

ACC 0.975 0.947 0.970 0.883 0.978 

In the two-layer reservoir, when ε and p changed for each 
layer, the ACC is higher than when the single-layer reservoir 
has the highest ACC. 

Figure. 2 shows the input waveform and teacher waveform 
(τ = 0 ~ 800). Fig. 3 shows the output of the two-layer reservoir 
model. The blue line is the output of the training phase, and the 
red line is the output of the validation phase. The green line 
shows the teacher waveform. 

Figure 2. input waveform (top) and teacher waveform(bottom). 

Figure 3. Output of proposed reservoir model. 

From Fig. 3, it can be confirmed that the output of the model 
follows the target function. 

IV. CONCLUSION

In this study, a two-layer reservoir computing model using 
a van der Pol oscillator was proposed and evaluated its 
classification accuracy. Increasing the number of reservoir 
layers to two allows for even more flexible reservoir layer 
design. By changing the values of ε and p for each layer, the 
ACC was improved compared to the single-layer reservoir. It 
can be inferred that by increasing the output patterns of the 
reservoir layer and effectively increasing the dimensionality, it 
has become possible to map to even higher dimensional spaces. 
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