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Effect of the filtered feedback on the memory capacity in a photonic reservoir computer

We study the performance of a photonic reservoir computer based on a semiconductor laser with high-and low-pass filtered optoelectronic feedback. We find that the decrease of the low-pass filter cut-off frequency while limiting the system's bandwidth increases the system's memory capacity. We analyze the eigenvalue spectrum of the system and find the correlation between the distance from the imaginary axis to the nearest eigenvalue and the memory capacity of the reservoir computer.

Introduction

Reservoir computing (RC) is the data processing paradigm based on a complex response of the dynamical system (called the reservoir) to the input signal perturbation. This response depends on the input signal and the previous states of the reservoir. Thus the RC system possesses fading memory similar to classical recurrent neural networks. The advantage of RC is the simplicity of the system training performed by adjusting only the output layer of the system. In this work, we study the performance of a photonic RC system based on a semiconductor laser with high-and low-pass filtered optoelectronic feedback. The system's architecture and operation principle are similar to that reported previously [1], with an additional low-pass filter inserted in the feedback loop. Here we investigate the influence of this filter on the reservoir computer memory properties.

Model description

A coupled delay differential equation model describes the RC system: 𝐼 (𝑡) = 2𝑁 𝑔 (𝑡)𝐼(𝑡)

(1) 𝐼 ̇𝐹𝐻 (𝑡) = -𝜏 𝐻 -1 𝐼 𝐹𝐻 (𝑡) + 2𝑁 𝑔 (𝑡)𝐼(𝑡)

(2) 𝐼 ̇𝐹𝐿 (𝑡) = 𝜏 𝐿 -1 (𝐼 𝐹𝐻 (𝑡) -𝐼 𝐹𝐿 (𝑡))

(3)

𝜀 -1 𝑁 ̇𝑔(𝑡) = 𝑃(𝑡) + 𝜂𝐼 𝐹𝐿 (𝑡 -𝜏) -𝑁 𝑔 (𝑡) -(1 -2𝑁 𝑔 (𝑡)) 𝐼(𝑡) (4) 
where 𝐼(𝑡)the normalized intensity of the laser field; 𝑁 𝑔 (𝑡) -the carrier density; 𝐼 𝐹𝐻 (𝑡) -the filtered intensity signal after the high pass filter; 𝐼 𝐹𝐿 (𝑡) -the filtered intensity signal after the low pass filter; 𝑃(𝑡) -the pump parameter; 𝜀the ratio of the photon and carrier lifetimes; 𝜂the feedback strength; 𝜏 𝐻the inverse of the cutoff frequency of the high pass filter; 𝜏 𝐿 -the inverse of the cut-off frequency of the low pass filter; τthe feedback delay time. The input data is masked and entered by the pump current modulation (see [1] for the details) according to the function

𝑃(𝑡) = 𝑃(1 + 𝜉 • 𝑀(𝑡)),
(5) where Рthe constant value of the pump parameter, 𝜉the modulation strength, 𝑀(𝑡)a modulation function formed according to the input data multiplied by mask.

The RC system based on feedback architecture relies on the time-delay RC (TDRC) approach: A single physical nonlinear node is used in conjunction with virtual nodes distributed in the delayed feedback loop. The laser intensity of virtual nodes is taken after each time period having the duration 𝑑𝑡: 𝑑𝑡 = 𝜏 𝑁 ,

Therefore, the output layer reads the virtual nodes' signals at defined time points that differ by a time period 𝑑𝑡. The number of mask elements in the considered system equals the virtual nodes' number to simplify numerical modeling.

The reservoir's memory capacity is calculated as:

МС = ∑ 𝑐𝑜𝑣 2 (𝑂 𝑖 , 𝑆 𝑖-𝑚 ) 𝜎 2 (𝑂 𝑖 )𝜎 2 (𝑆 𝑖 ) ∞ 𝑚=1 (7) 
where σ 2the variance, covthe covariance, 𝑂 𝑖 -the output signal, 𝑆 𝑖-𝑚the input signal delayed by m timesteps.

We consider the following set of parameters for further numerical analysis: 𝜀 = 0.1; 𝜏 𝐻 = 2000; τ = 1000; 𝑁 = 48; 𝜉 = 0.1. Time parameters are measured in the units of the photon lifetime tp = 100 ps.

Results and discussion

Figure 1 shows the 2D maps of the system's memory capacity for the different values of the low-pass filter cut-off parameter along with the Hopf bifurcation borders. With the decrease of the cut-off frequency, we see that the memory capacity increases, with maximum values observed in the vicinity of the Hopf bifurcation border. The 2D maps are asymmetric with respect to the feedback sign (as in [1]). As noticed in [2], the memory capacity is maximized when many of the system's eigenvalues have real parts close to zero. To further investigate the correlation between the spectral properties of the reservoir and the memory capacity, we performed the pseudocontinuous (PC) approximation of the eigenvalue spectrum under the assumption of the long delay. While the PC spectrum is symmetric in relation to the feedback sign and cannot explain the asymmetry, we found that the mean distance between the PC spectrum and the imaginary axis is well-correlated to the memory capacity (see Fig. 2). This mean distance characterizes both proximity of the spectrum to the axis and its flatness, thus quantifying the reservoir's effective excursion in phase space.

Conclusion

We found that decreasing the low-pass filter cut-off frequency while limiting the bandwidth increases the memory capacity of an optoelectronic feedback RC. We suggest this results from a flatter eigenvalue spectrum increasing the transient excursion of the reservoir in phase space. Furthermore, the connection between the feedback filtering properties and the spectrum provides new insight for optimizing the reservoir's memory properties.
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Figure 1 :

 1 Figure 1: 2D maps of the system's memory capacity, from top row to bottom: τL = 1; τL = 7.5; τL = 10. The magenta lines are the Hopf bifurcation borders.

Figure 2 :

 2 Figure 2: 2D maps of the average distance from the PC spectrum to the imaginary axis, from top row to bottom: τL = 1; τL = 7.5; τL = 10. The dashed region corresponds to the asymptotically unstable spectrum.