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The 2D Fourier transform 2

Li Y. et al., Journal of Biomedical Optics 7 (2002)
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Antikythera mechanism 4
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Zuse 3 5
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Electronics vs Photonics 6

Electron Photon

Spin Fermion Boson
Charge Yes No
Interaction Yes No

Nonlinear transformations ✓✓ X
Information transport ✓ ✓✓
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Optical Fourier transform 7

Image source: PhysWiki, York University
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Optical matrix multiplication 8

J. H. Hong et al., Applied Optics 29 (1990)
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Digital vs Analogue computing 9

Image source: towardsdatascience.com
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An abstract model of computation 11

Photonic Reservoir Computing, De Gruyter (2019)
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Reservoir computing with a reservoir 12

C. Fernando et al., European conference on artificial life (2003)
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An abstract model of computation 13

Photonic Reservoir Computing, De Gruyter (2019)

• ESN: H. Jaeger and H. Harald Haas, Science 304 (2004)

• LSM: W. Maass et al., Neural Comput. 14 (2002)
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Echo-state networks 14

M. Lukoševičius, Neural Netw.: Tricks of the trade (2012)

x(n) = tanh
[
Winu(n) +Wx(n− 1)

]
y(n) = Woutx(n)
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How to train a reservoir computer 15

©DreamWorks Animation
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How to train a reservoir computer 15

Linear regression layer:

MSE(y, ytarget) =
1

T

T∑
n=1

(
y(n)− ytarget(n)

)2
Minimise the MSE with:

Wout =
(
XTX

)−1
XTy

Ridge regression (regularisation):

MSEridge = MSE+ λ
(
W out

)T
W out
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Physical reservoir computing 16

G. Tanaka et al., Neural Netw. 115 (2019)
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Delay systems in real life 18

P. Antonik et al., Photoniques 104 (2020)
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Dynamics of a simple delay system 19

ẋ(t) = −αx(t− τ)

Photonic Reservoir Computing, De Gruyter (2019)
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Delay-based reservoir computing 20
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Interconnection through desynchronisation 21

(a) random topology with diagonal element
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(b) random topology without diagonal element
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(c) ring topology
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Interconnection through the inherent dynamics 22

Photonic Reservoir Computing, De Gruyter (2019)
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Mach-Zehnder intensity modulator 23

Jing Gao et al., OpEx 24 (2016)
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Pioneer opto-electronic reservoir computer 24
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Pioneer opto-electronic reservoir computer 25
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SOA-based setup 26
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Laser-based setup 27
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The fastest time-delay reservoir computer 28

High-Speed Photonic Reservoir Computing Using a Time-Delay-Based Architecture:
Million Words per Second Classification
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Reservoir computing, originally referred to as an echo state network or a liquid state machine, is a brain-
inspired paradigm for processing temporal information. It involves learning a “read-out” interpretation
for nonlinear transients developed by high-dimensional dynamics when the latter is excited by the
information signal to be processed. This novel computational paradigm is derived from recurrent neural
network and machine learning techniques. It has recently been implemented in photonic hardware for a
dynamical system, which opens the path to ultrafast brain-inspired computing. We report on a novel
implementation involving an electro-optic phase-delay dynamics designed with off-the-shelf optoelec-
tronic telecom devices, thus providing the targeted wide bandwidth. Computational efficiency is
demonstrated experimentally with speech-recognition tasks. State-of-the-art speed performances reach
one million words per second, with very low word error rate. Additionally, to record speed processing, our
investigations have revealed computing-efficiency improvements through yet-unexplored temporal-
information-processing techniques, such as simultaneous multisample injection and pitched sampling
at the read-out compared to information “write-in”.

DOI: 10.1103/PhysRevX.7.011015 Subject Areas: Complex Systems, Nonlinear Dynamics,
Photonics

I. INTRODUCTION

Nowadays, digital computers based on the so-called
Turing–von Neumann architectures are ubiquitous and
deeply integrated in our daily lives. They provide many
fast and efficient calculation tasks, from complex scientific
computing through networking and communications sys-
tems, to smart phone device functionality and service. The
demand for greater computational power is naturally
always increasing, and as this demand develops, more
and more problems are identified as too complex and/or
too time consuming, even for the most advanced highly
paralleled digital computer farms. Alternative computa-
tional paradigms have already been explored for a long
time, one obvious direction naturally being suggested by
the human brain. However, most of the research dedicated
to the brain-inspired computational paradigm has been
performed essentially through computer simulations, i.e.,
through the use of the standard digital Turing–Von
Neumann computers that they are actually aimed to replace.
Among the numerous brain-inspired concepts, reservoir

computing (RC) [1], also known originally as an echo state

network [2] or a liquid state machine [3] (see Ref. [4] for a
review), has recently attracted much attention through an
unexpected physical implementation of the hardware [5–8].
Instead of the usual spatially extended networklike dynami-
cal reservoir, purely temporal delay dynamical systems
were used as a way to emulate the dynamical complexity
traditionally provided by a network of neurons. Delay
systems are time-domain, infinite-dimensional dynamics,
which have been shown to be able to act as complex
dynamical reservoirs, surprisingly and efficiently replacing
the traditional spatiotemporal neural-network architectures.
They provide technologically tractable hardware solutions,
where densely connected spatiotemporal architectures are
difficult to design, and they intrinsically benefit from
several available highly efficient signal-processing tools
and devices developed for modern telecommunications. In
addition to the already ground-breaking result of a physical
hardware implementation, photonic realizations [9–11]
can technically shift the intrinsic millisecond time scale
of the brain down to the picosecond or even femtosecond
time scale available in standard optical telecommunica-
tions, basically gaining 9 to 12 orders of magnitude in the
processing speed. The present work finds its place along
this line, reporting an electro-optic (EO) phase-delay
dynamics built with telecom bandwidth devices and pro-
viding ultrafast information processing while implementing
reservoir-computing concepts with dedicated hardware.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Final thoughts on time-delay systems 29

Time-delay photonic reservoir computers:

• were the first experimental demonstrations

• are bulky ⇝ integration

• are difficult to scale up ⇝ parallel systems
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Spatial Light Modulator 31

Jullien A., Photoniques 101 (2020)
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Spatial Light Modulator 32

Jullien A., Photoniques 101 (2020)
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SLM-based reservoir computer 33

P. Antonik et al., JSTQE 26 (2019)
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SLM-based reservoir computer 34
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Image and video processing 35

Image source: Wikipedia

P. Antonik et al., Nat. Mach. Intel. 1 (2019)

Photonics for computing Reservoir computing Time-delay RC Parallel RC Conclusion



Human action recognition in videos 36

P. Antonik et al., Nat. Mach. Intel. 1 (2019)
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More advanced setup 37

Photonic Reservoir Computing, De Gruyter (2019)
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Networks of vertically emitting lasers 38

Photonic Reservoir Computing, De Gruyter (2019)
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Final thoughts 42

Why change the substrate?

• Photonics are getting better

• Moore’s law doomed to fail

• New models for computation
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