femto-st e ok

HEENSCIENCES &
TECHNOLOGIES

Reservoir Computing: concepts and
hardware implementation in photonic

Laurent Larger!

'FEMTO-ST/ Optics, UMR CNRS 6174
University Bourgogne Franche-Comté

5-8, May 2015 / St-Paul de Vence, France
Colloque du GDR BioComp

% @ I-abemction ﬁ _7_

UBFC ™ reomeimmmomens oy e

uuuuuuuu



femto-st 0

HEENSCIENCES &
TECHNOLOGIES

Reservoir Computing: concepts and
hardware implementation in photonic

Laurent Larger!

'FEMTO-ST/ Optics, UMR CNRS 6174
University Bourgogne Franche-Comté

5-8, May 2015 / St-Paul de Vence, France
Colloque du GDR BioComp

\%r\j @ Labe)c tion ﬁ _7;

U BFC Integrated smart systems Conseil régional ~ SEVEATHIRAMEW
p Com




femto-st 0

HEENSCIENCES &
TECHNOLOGIES

Reservoir Computing: concepts and
hardware implementation in photonic

Laurent Larger!

'FEMTO-ST/ Optics, UMR CNRS 6174
University Bourgogne Franche-Comté

5-8, May 2015 / St-Paul de Vence, France
Colloque du GDR BioComp

L@

UBFC

Integrated smart systems  Conseil régional  SEVENTHIRAMEW
P Com



Outline

1. Introduction, background, motivations & basics
2. RC: Where does it come from?
3. Important concepts in RC

4. Delay dynamics: a bit of theory
Basics in NL delay dynamics
Space-Time analogy, ex. of Chimera states

5. Photonic implementations of RC
Photonic delay-based RC for spoken digit recognition

6. Conclusions

5-8, May 2015 / St-Paul de Vence, France

2/26



Outline

Introduction, background, motivations & basics

ll.a'llscwm-risst& 5-8, May 2015 / St-Paul de Vence, France

TECHNOLOGIES

3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

5-8, May 2015 / St-Paul de Vence, France

3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

e Predicting chaotic dynamics: 10° improvement

5-8, May 2015 / St-Paul de Vence, France 3/26




RC: already a contest winner

Successful achievements of computer simulated RC:

e Predicting chaotic dynamics: 10° improvement
e Nonlinear wireless channel equalization: 107 improvement

S & 5-8, May 2015 / St-Paul de Vence, France 3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

e Predicting chaotic dynamics: 10° improvement
e Nonlinear wireless channel equalization: 10* improvement
e Japanese Vowel benchmark: 0% test error rate (previous best: 1.8%)

5-8, May 2015 / St-Paul de Vence, France

3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

e Predicting chaotic dynamics: 10° improvement
e Nonlinear wireless channel equalization: 10* improvement
e Japanese Vowel benchmark: 0% test error rate (previous best: 1.8%)

e Winner of the international forecasting competition NN32
(financial forecasting contest)

5-8, May 2015 / St-Paul de Vence, France

3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

Predicting chaotic dynamics: 10° improvement
Nonlinear wireless channel equalization: 10* improvement
Japanese Vowel benchmark: 0% test error rate (previous best: 1.8%)

Winner of the international forecasting competition NN32
(financial forecasting contest)

Isolated spoken digits recognition 0.6% to 0%

5-8, May 2015 / St-Paul de Vence, France

3/26



RC: already a contest winner

Successful achievements of computer simulated RC:

e Predicting chaotic dynamics: 10° improvement
e Nonlinear wireless channel equalization: 10* improvement
e Japanese Vowel benchmark: 0% test error rate (previous best: 1.8%)

e Winner of the international forecasting competition NN32
(financial forecasting contest)

e Isolated spoken digits recognition 0.6% to 0%

...and now even available in hardware

5-8, May 2015 / St-Paul de Vence, France

3/26



RC: already a contest winner

[Fernando, Sojakka, '03]

...and now even available in hardware
e Bucket of liquid

Fernando & Sojakka, “Advances in Artificial Life”, pp.588-597 (2003, Springer)

) -HE%-EE 5-8, May 2015 / St-Paul de Vence, France 3/26

TECHNOLOGIES



RC: already a contest winner

1_‘;“ o
Mask M |™

Pre-processing |-

...and now even available in hardware
e Bucket of liquid

Input
Gain

Post-processing

e Low speed analogue electronic

Appeltant et al., Nature Commun. 2:468 (2011)
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RC: already a contest winner

Mach-Zehnder Modulator Amplifier and
DFB EOspace AZ-IKI-12-PFASFA  Low PasFilier

telecom :
laser LiNDO: Mach-Zehnder

Filter Photodiode

Lyon Ear Model

DiodeLaser IDS.
DFB CQF935'56

...and now even available in hardware
e Bucket of liquid
e Low speed analogue electronic
e Moderate speed optoelectronic

Larger et al., Opt.Expr. 20(3) 3241. Paquot et al., Sci.Rep. 2:287. Martinenghi et al., Phys.Rev.Lett. 108 244101. (2012)
to-st
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RC: already a contest winner

OSCILLOSCOPE - 16 GHz
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...and now even available in hardware
e Bucket of liquid
e Low speed analogue electronic
e Moderate speed optoelectronic
e High speed all-optical and optoelectronic demo

Brunner et al., Nature Comm. 4:1364. Jacquot et al., CLEO Europe. (2013)
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RC: Where does it come from?

Conceptual viewpoint: from rules to controlled freedom

e Conventional computing (Binary diglT, logic gates)

e Digital computers & algorithms, more and more complex
e Optics and Parallel computing (SLM)

e Nano-photonics for optical computing revival?

Beyond “Turing-Von Neumann” viewpoint: RC, bio-inspired

CONCEPT of PHOTONIC CRYSTAL RESERVOIR COMPUTING

PC Waveguide
resonators

PCwavelength PC waveguide
demultiplexer 60°bent

PC modulator
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RC: Where does it come from?

Conceptual viewpoint: from rules to controlled freedom

e Conventional computing (Binary diglT, logic gates)

e Digital computers & algorithms, more and more complex
e Optics and Parallel computing (SLM)

e Nano-photonics for optical computing revival?

Beyond “Turing-Von Neumann” viewpoint: RC, bio-inspired
e _..and quantum optical computing (not -yet- connected)
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RC: Where does it come from?

Historical viewpoint, dates
e 1995— basic RC principles (P.F. Dominey, mammalian brains)
e 2000— intern. patent applications (Fraunhofer IAIS, granted 2010)
e 2001— ESNs and LSMs (Trieste; Jaeger & Maass)
e 2004— RC group at Univ. of Gent (B. Schrauwen)
e 2005— ESN special session at IJCNN 2005 (J. Principe)
e 2006— ESN + LSM workshop at NIPS (Maass & Jaeger)
e 2007— Special RC issue, Neural Networks (Jaeger, Maass, Principe)
e 2007— Special session on RC at ESANN (Schrauwen)
e 2008— FP7 STREP “Organic”: RC for speech recognition

e 2009— FP7 STREP “Phocus”: RC for photonic computation
FP7 IP “Amarsi”: biologically inspired robot motor control

e 2012— RC workshop at ECCS, Brussels (Massar, Schrauwen, Fischer)
2013— RC workshop, Labex ACTION, DEMO 3, Besangon
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Basics in Reservoir Computing

Foundation of the RC concept:
Recurrent Neural Network (RNN, left; right: RC)

e “Randomly” fixed internal network connectivity

M. LukoS$evicius and H. Jaeger, “Reservoir Computing approaches to RNN training”, Comp.Sci.Rev. 3 127-149 (2009)
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Basics in Reservoir Computing

Foundation of the RC concept:
Recurrent Neural Network (RNN, left; right: RC)

e “Randomly” fixed internal network connectivity
e Train how to Read the Reservoir response (only, bold arrows)

M. LukoS$evicius and H. Jaeger, “Reservoir Computing approaches to RNN training”, Comp.Sci.Rev. 3 127-149 (2009)
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Basics in Reservoir Computing

Foundation of the RC concept:
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e “Randomly” fixed internal network connectivity

e Train how to Read the Reservoir response (only, bold arrows)
e Essential feature: dynamic (not static). Nonlinear transient computing

M. LukoS$evicius and H. Jaeger, “Reservoir Computing approaches to RNN training”, Comp.Sci.Rev. 3 127-149 (2009)
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Basics in Reservoir Computing

Foundation of the RC concept:

3D: classes are
linearly
separable

2D: classes are
not linearly
separable

“Randomly” fixed internal network connectivity

Train how to Read the Reservoir response (only, bold arrows)
Essential feature: dynamic (not static). Nonlinear transient computing
Complexity, dimensionality

M. LukoS$evicius and H. Jaeger, “Reservoir Computing approaches to RNN training”, Comp.Sci.Rev. 3 127-149 (2009)
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- - - - .
Basics in Reservoir Computing
Foundation of the RC concept:
conneci?\}ai‘tl; ........ ~E)e?)cel-loez::ned

y(n)
N " time
u(n)
\
time ;
2(n): amplitude at one node
(position) in the network

“Randomly” fixed internal network connectivity

Train how to Read the Reservoir response (only, bold arrows)
Essential feature: dynamic (not static). Nonlinear transient computing
Complexity, dimensionality

Input triggers a transient, which (linear) Read-Out W* is to be learned,
via e.g. one simple Matlab code line (Why = Yiarget X' (XX" — A1)™")

M. LukoS$evicius and H. Jaeger, “Reservoir Computing approaches to RNN training”, Comp.Sci.Rev. 3 127-149 (2009)
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RC Breakthrough: simple & efficient :

Breakthrough contributions of RC in RNN

e Speed-up & simplify the training, without computational power loss!
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RC Breakthrough: simple & efficient
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Breakthrough contributions of RC in RNN

e Speed-up & simplify the training, without computational power loss!
e Can learn simultaneous multi-tasking (same input & Reservoir)
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RC Breakthrough: simple & efficient

PRC:
Personal
Reservoir
Computer
Hybrid RC
integration
SioC

. 2025
2020

Conceptual
idea

Breakthrough contributions of RC in RNN

e Speed-up & simplify the training, without computational power loss!
e Can learn simultaneous multi-tasking (same input & Reservoir)
e Already efficient, and considerable scope for improvement
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RC Breakthrough: simple & efficient

Breakthrough contributions of RC in RNN

Speed-up & simplify the training, without computational power loss!

Can learn simultaneous multi-tasking (same input & Reservoir)

Already efficient, and considerable scope for improvement

Dedicated hardware implementation demonstrated

5-8, May 2015 / St-Paul de Vence, France
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Drawback of RC

RC: A field “under active construction...”

e “Black box”, but theoretical description in constant progress
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Drawback of RC

RC: A field “under active construction...”

e “Black box”, but theoretical description in constant progress

e “Empirical’, or “always working” with random choices of parameters and
topologies (not satisfactory for many academic)

e An annoying “simpler & better” reputation

e Nonlinear dynamics (one of the main theoretical background of RC)
poorly taught, low popularity in engineering education programs

e Difficult to get attention on analogue brain inspired computing concept,
in the golden age of digital computers
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Implementation: Which kind of Reservoir?

How to design a physical hardware fulfilling the role of a
neural network?

e Should provide a high dimensional dynamical response
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Implementation: Which kind of Reservoir?

How to design a physical hardware fulfilling the role of a
neural network?

Should provide a high dimensional dynamical response

Should own appropriate dynamical properties (fading memory,
approximation property, separation property)

Should allow for suitable connectivity within the Reservoir
e ...One possible solution for the Reservoir: Delay dynamics

5-8, May 2015 / St-Paul de Vence, France 9/26
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Delay dynamics: a bit of theory
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Delay dynamics: a bit of theory
Basics in NL delay dynamics
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How often can we experience NLDDE?
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Actually every day, everywhere!

e Living systems (population dynamics, blood cell
regulation mechanisms, people reaction after
perception and neural system processing,. . .)
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Actually every day, everywhere!

e Living systems (population dynamics, blood cell
regulation mechanisms, people reaction after
perception and neural system processing,. . .)

e Traffic jam, accordeon car flow

e Distant control of satelites or rockets in space
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perception and neural system processing,. . .

) S
Traffic jam, accordeon car flow L |
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Actually every day, everywhere!

e Living systems (population dynamics, blood cell
regulation mechanisms, people reaction after
perception and neural system processing,. . .)

Traffic jam, accordeon car flow
Distant control of satelites or rockets in space
Game of vertical stick control at the tip of a finger

Human stand-up position control (and effects of
increased perception delay after alcoolic drlnks)

e Hot and cold oscillations at shower start

Any time information transport occurs (at finite speed)
resulting in longer propagation time compared to intrinsic
dynamical time scales
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RC with nonlinear delay dynamics

Paradigmatic Optoelectronic setup

LiNbO ;Mach-Zehnder
DFB
telecom d
laser

K=
4.2km fiber
de
electroses] I f edectrodes
W0 A

Gain

Filter  Photodiode

w () Input Signal
w(f) Read-Out Signal

e Already successfully used for optical chaos communications

Argyris et al., Nature, 436 343-346 (2005); Larger and Dudley, “Optoelectronic Chaos”, Nature 465 41-42 (2010)
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RC with nonlinear delay dynamics

Paradigmatic Optoelectronic setup

LiNbO :Mach-Zehnder

S-—

4.2km fiber

I f electrodes

Yao and Maleki, Electron..Lett. 30:18 1525 (1994)

Filter  Photodiode

w(f) Read-Out Signal
e Already successfully used for optical chaos communications
e Well-known as well in high spectral purity microwave generation

f&mto-st
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RC with nonlinear delay dynamics

Paradigmatic Optoelectronic setup

LiNbO :Mach-Zehnder

o _@_ =
telecom 1
laser ber
de.

electroges) I f slectiodes

Filter  Photodiode

w(f) Read-Out Signal

e Already successfully used for optical chaos communications
e Well-known as well in high spectral purity microwave generation

e More recently, served as the experimental basis for the two first
demonstration of photonic RC

Larger et al., Opt.Expr. 20(3) 3241; Paquot et al., Sci.Rep. 2:287 (2012)
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RC with nonlinear delay dynamics

Paradigmatic Optoelectronic setup

LiNbO :Mach-Zehnder

telecom 1
laser

I f electrodes

Filter  Photodiode

w(f) Read-Out Signal

Already successfully used for optical chaos communications
Well-known as well in high spectral purity microwave generation

More recently, served as the experimental basis for the two first
demonstration of photonic RC

1%t electronic demonstrator based on a similar delay dynamics

Appeltant et al., Nature Comm. 2:468 (2011)
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RC with nonlinear delay dynamics

Paradigmatic Optoelectronic setup

LiNbO :Mach-Zehnder

telecom =
laser
E
bi

i f electrodes

A

Filter  Photodiode

w(f) Read-Out Signal

e Already successfully used for optical chaos communications
e Well-known as well in high spectral purity microwave generation

e More recently, served as the experimental basis for the two first
demonstration of photonic RC

e 1% electronic demonstrator based on a similar delay dynamics
e Latest high speed photonic RC also involve delay dynamics

Brunner et al., Nature Comm. 4:1364. Jacquot et al., CLEO Europe. (2013)

5-8, May 2015 / St-Paul de Vence, France 11/26
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Time Multiplexing to address the virtual nodes

A convenient hardware solution for RC

e Designing a complex and controlled 3D network of nodes as a brain:
a very difficult technological challenge
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A convenient hardware solution for RC

Space

e Designing a complex and controlled 3D network of nodes as a brain:
a very difficult technological challenge

e Serial processing: common in many communication systems
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Time Multiplexing to address the virtual nodes

A convenient hardware solution for RC

VOLUME 73, NUMBER 8 PHYSICAL REVIEW LETTERS 22 AuausT 1994

Defects and Spacelike Properties of Delayed Dynamical Systems

G. Giacomelli,"? R. Meucci,!
Hstisuto Nasiorate di O 25 Firense, lialy
“Tull

oy 1959
In a laser with deleyed fecdback operating in an oscillatory regime, phase defects appear for delays
longer than the oscillation period. These defects are visualized by rearranging the data in a two-
simensional represeniation. Two distinct disordered phases are observed, one of weak turbulence
characterized by phase fluctuations, and onc of highly developed turbulence characterized by & constant
density Of defects. The transition between the two regimes is analyzed by studying the dependence
of the defect lifetime on the delay. The experimental findings are modeled via a generalized Landau
equation which includes a delayed coupling.

e Designing a complex and controlled 3D network of nodes as a brain:
a very difficult technological challenge

e Serial processing: common in many communication systems
e Delay dynamics known as virtual Space-Time dynamics
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Time Multiplexing to address the virtual nodes

A convenient hardware solution for RC

Amplitude

(multiple) Time scale

'S'p'a(':e‘

e Designing a complex and controlled 3D network of nodes as a brain:
a very difficult technological challenge

e Serial processing: common in many communication systems
e Delay dynamics known as virtual Space-Time dynamics
e Feature confirmed, e.g. recently, Chimera states in delay systems

Larger, Penkovskyi, Maistrenko, “Virtual Chimera States for Delayed-Feedback Systems”, Phys.Rev.Lett. 111 (2013)
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®
Time Multiplexing to address the virtual nodes

A convenient hardware solution for RC

"Spatial"
coordinate: 0 <t <to

1 Discrete Temporal

Coordinate: n n-1 @

e Designing a complex and controlled 3D network of nodes as a brain:
a very difficult technological challenge

e Serial processing: common in many communication systems

e Delay dynamics known as virtual Space-Time dynamics

e Feature confirmed, e.g. recently, Chimera states in delay systems
e Schematic of RC architecture with delay dynamics
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Outline

Delay dynamics: a bit of theory

Space-Time analogy, ex. of Chimera states
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Re-scaling and spatio-temporal viewpoint

Normalization wrt Delay 7p: s=1t/7p,ande =17/7p

ex(s) = —x(s) + fnLx(s — 1)], where x= ;bsc

Large delay case: € < 1, potentially high dimensional attractor
oco—dimensional phase space, initial condition: x(s), s € [—1,0]
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Re-scaling and spatio-temporal viewpoint

Normalization wrt Delay 7p: s=1t/7p,ande =17/7p

ex(s) = —x(s) + fnLx(s — 1)], where x= 3—);

Large delay case: € < 1, potentially high dimensional attractor
oco—dimensional phase space, initial condition: x(s), s € [—1,0]

Space-Time representation

e \Virtual space variable o,

Ikeda dynamics p~1.7 &~ 1.17
o € [0; 1+ ~] withy = O(¢). !

0.8
0.6
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Re-scaling and spatio-temporal viewpoint

Normalization wrt Delay 7p: s=1t/7p,ande =17/7p

ex(s) = —x(s) + fnLx(s — 1)], where x= ;bsc

Large delay case: € < 1, potentially high dimensional attractor
oco—dimensional phase space, initial condition: x(s), s € [—1,0]

Space-Time representation L

e \Virtual space variable o,

n S
o € [0;1+ ] withy = O(¢). f—\
e Discrete time n f
no— (n+1) J o\
s=n(l+v)+0c — s=mn+1D)1+7y)+0o { y o
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Re-scaling and spatio-temporal viewpoint

Normalization wrt Delay 7p: s=1t/7p,ande =17/7p

ex(s) = —x(s) + fnLx(s — 1)], where x= (;)sc

Large delay case: € < 1, potentially high dimensional attractor
oco—dimensional phase space, initial condition: x(s), s € [—1,0]

Space-Time representation
e \Virtual space variable o,
o € [0;1+ ] withy = O(¢).

e Discrete time n
n — (+1)
s=n(l4+~v)+0 — s=mw+1){1+v)+0o

F.T. Arecchi, et al. Phys. Rev. A, 1992
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Re-scaling and spatio-temporal viewpoint

Normalization wrt Delay 7p: s=1t/7p,ande =17/7p

ex(s) = —x(s) +MnLlx(s — 1)], where x= (:SC

Large delay case: € < 1, potentially high dimensional attractor
oco—dimensional phase space, initial condition: x(s), s € [—1,0]

Space-Time representation © 0 (r+6 units)

e \Virtual space variable o,
o € [0;1+ ] withy = O(¢).

e Discrete time n

n — (+1)

osp < > o5 >
s=n(l4+~v)+0 — s=mw+1){1+v)+0o m

0.00 o (746 units) 0.05(| 0.00 o (7+6 units)

0.05)

G. Giacomelli, et al. EPL, 2012
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Space-Time analogy with DDE

Y. Kuramoto and D. Battogtokh, Nonlinear Phenom. Complex Syst. 5, 380 (2002); D. M. Abrams and S. H. Strogatz,
Phys. Rev. Lett. 93, 174102 (2004); |. Omelchenko et al. Phys. Rev. Lett. 106 234102 (2011); A. M. Hagerstrom et al. &
M. Tinsley et al., Nat. Phys. 8, 658 & 662 (2012)
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Space-Time analogy with DDE

What is a Chimera in Nonlinear Dynamics?

e Network of coupled oscillators with clusters of incongruent motions

e Predicted numerically in 2002, derived for a particular case in 2004, and
1% observed experimentally in 2012

e Does not exist with local coupling, neither for global one

Y. Kuramoto and D. Battogtokh, Nonlinear Phenom. Complex Syst. 5, 380 (2002); D. M. Abrams and S. H. Strogatz,
Phys. Rev. Lett. 93, 174102 (2004); |. Omelchenko et al. Phys. Rev. Lett. 106 234102 (2011); A. M. Hagerstrom et al. &
M. Tinsley et al., Nat. Phys. 8, 658 & 662 (2012)
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Space-Time analogy with DDE

1/6=030 ———__
| ey
0.3 o4 O2

e Network of coupled oscillators with clusters of incongruent motions

e Predicted numerically in 2002, derived for a particular case in 2004, and
1% observed experimentally in 2012

e Does not exist with local coupling, neither for global one

Features allowing for Chimera states?

e Network of oscillators, thus spatio-temporal dynamics
e Requires non-local nonlinear coupling between oscillator nodes
e Important parameters: coupling strength, and coupling distance
Y. Kuramoto and D. Battogtokh, Nonlinear Phenom. Complex Syst. 5, 380 (2002); D. M. Abrams and S. H. Strogatz,

Phys. Rev. Lett. 93, 174102 (2004); |. Omelchenko et al. Phys. Rev. Lett. 106 234102 (2011); A. M. Hagerstrom et al. &
M. Tinsley et al., Nat. Phys. 8, 658 & 662 (2012)
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Virtual Chimera in (o0,n)—space

Numerics:

® B3=061v)=1¢=51073,
5=1.6x 1072 (m = 56)
® |nitial conditions: small amplitude

white noise (repeated several times
with different noise realizations)

® Calculated durations: Thousands of n
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Virtual Chimera in (o0,n)—space

Numerics:

® B3=061v)=1¢=51073,
5=1.6x 1072 (m = 56)

® |nitial conditions: small amplitude
white noise (repeated several times
with different noise realizations)

® Calculated durations: Thousands of n

Experiment

® Very close amplitude and time parmeters,
Tp = 2.54ms, 60 = 0.16s, T = 12.7us

® |nitial condition forced by background noise

® Recording of up to 16 x 10° points,
allowing for a few thousands

0 .
Ww‘r [
20 :

0 200 400 — e —
e 0 space o 1+y
B s . 5-8, May 2015 / St-Paul de Vence, France 15/26
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Space-Time analogy: analytical support

Convolution product involving the linear impulse response,
h(t) = FT™'[H(w)]

x(s) = [' _h(s— &) ffx(€—1)]d¢ with s=n(l+7)+0o

LL, Penkovsky, Maistrenko, Nat. Commun., July 14th 2015, DOI: 10.1038/ncomms8752
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Convolution product involving the linear impulse response,
h(t) = FT™'[H(w)]

x(s) = [T h(s— &) fulx(¢ — D]dE with s=n(l+7)+0

(n-1)(147) | n(1+y) I(n+1)(1+y)l time axis s

t t
I P | —

... let’s split the integration domain:

»

continuous space variable ¢

J—o0ss] =]—oco;n(l+y)+a] U Ju(l+9)+o; (n+1)(1+7)+0]

LL, Penkovsky, Maistrenko, Nat. Commun., July 14th 2015, DOI: 10.1038/ncomms8752
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Space-Time analogy: analytical support

Convolution product involving the linear impulse response,

h(r) = FT7 [H(w)] "("”'i\ y

x(s) = 7 h(s— &)l — D]dE with s=n(1+7)+0 o
discrete time variable n

(n-1)(147) | n(1+y) I(n+1)(1+y)l time axis s

t t
I P | —

... let’s split the integration domain:

»

continuous space variable ¢
|]—o0;s] =]—oco;n(l+~)+c] U  Jn(l+v)+0o; (n+1)1+7)+0]

and make a change of integration variable & < ¢ — (n+ 1)(1 +~) +~
Ax o+

(@) =) = (o) = [ hlo+y — €) ul ()] de

o—1

LL, Penkovsky, Maistrenko, Nat. Commun., July 14th 2015, DOI: 10.1038/ncomms8752
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Space-Time analogy: analytical support

Convolution product involving the linear impulse response,

h(r) = FT7 [H(w)] "("”'i\ y

x(s) = 7 h(s =€)l — D]dE with s=n(1+7)+0 o1
discrete time variable n

(n-1)(147) | n(1+y) I(n+1)(1+y)l time axis s

»

... let’s split the integration domain:

t t
I P | —

continuous space variable ¢
|]—o0;s] =]—oco;n(l+~)+c] U  Jn(l+v)+0o; (n+1)1+7)+0]

and make a change of integration variable & < ¢ — (n+ 1)(1 +~) +~

X oty
> Er@) =sn(e) =)= [ o+ fuln(©)de

{% W /_ﬂw Glx— ) - sin[é(x, 1) — S, 1) + 0 dx}

LL, Penkovsky, Maistrenko, Nat. Commun., July 14th 2015, DOI: 10.1038/ncomms8752
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Space-Time analogy: analytical support

Convolution product involving the linear impulse response,

h(r) = FT7 [H(w)] "("”'i\ y

x(s) = 7 h(s =€)l — D]dE with s=n(1+7)+0 o1
discrete time variable n

(n-1)(147) | n(1+y) I(n+1)(1+y)l time axis s

»

... let’s split the integration domain:

t t
I P | —

continuous space variable ¢
|]—o0;s] =]—oco;n(l+~)+c] U  Jn(l+v)+0o; (n+1)1+7)+0]

and make a change of integration variable & < ¢ — (n+ 1)(1 +~) +~

X oty
> Er@) =sn(e) =)= [ o+ fuln(©)de

{% W /_ﬂw Glx— ) - sin[é(x, 1) — S, 1) + 0 dx}

Remark: the NL dynamics and coupling features of each virtual oscillator are by construction identical at any position o!!!
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Outline

Photonic implementations of RC

WEEESCIENCES &
TECHNOLOGIES

5-8, May 2015 / St-Paul de Vence, France

17/26



Outline

Photonic implementations of RC
Photonic delay-based RC for spoken digit recognition
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics

e Network of coupled SOAs (active) “o—o— ﬁxo
Vandoorne et al., Opt.Expr. 2008 & IEEE Trans. Neural Network 2011 ( ( j )
"ot —¢

$ob

{4
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics

e Network of coupled SOAs (active)
Vandoorne et al., Opt.Expr. 2008 & IEEE Trans. Neural Network 2011

e Network with Photonic Crystal Structures
Fiers et al., IEEE Trans. Neur. Netw. & Learn. Syst. 2014
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics

e Network of coupled SOAs (active)
Vandoorne et al., Opt.Expr. 2008 & IEEE Trans. Neural Network 2011

e Network with Photonic Crystal Structures
Fiers et al., IEEE Trans. Neur. Netw. & Learn. Syst. 2014
e On-chip Network of coupled

delay lines (passive)
Vandoorne et al., Nature Comm. 2014

Emulated “virtual” through delay dynamics

e Mackey-Glass delay electronic circuit .
Appeltant et al., Nature Comm. 2011. Keuninckx et al. 2013 @
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics

e Network of coupled SOAs (active)
Vandoorne et al., Opt.Expr. 2008 & IEEE Trans. Neural Network 2011

e Network with Photonic Crystal Structures
Fiers et al., IEEE Trans. Neur. Netw. & Learn. Syst. 2014
e On-chip Network of coupled

delay lines (passive)
Vandoorne et al., Nature Comm. 2014

Emulated “virtual” through delay dynamics

e Mackey-Glass delay electronic circuit
Appeltant et al., Nature Comm. 2011. Keuninckx et al. 2013

e |keda-like (electro-)optic delay dynamic
Larger et al., Opt.Expr. 2012. Paquot et al., Sci.Reports 2012
Duport et al., Opt.Expr. 2012...
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Different approaches for photonic RC

“Actual” Spatio-temporal dynamics

e Network of coupled SOAs (active)
Vandoorne et al., Opt.Expr. 2008 & IEEE Trans. Neural Network 2011

e Network with Photonic Crystal Structures
Fiers et al., IEEE Trans. Neur. Netw. & Learn. Syst. 2014
e On-chip Network of coupled

delay lines (passive)
Vandoorne et al., Nature Comm. 2014

Emulated “virtual” through delay dynamics

Appeltant et al., Nature Comm. 2011. Keuninckx et al. 2013

o Mackey-Glass delay electronic circuit ; '"u'(«?'ili

Laser
Circ. 2/2sp. @ Atten
Input I 112 sp. i Pol. C: I

u(t)

e |keda-like (electro-)optic delay dynamic
Larger et al., Opt.Expr. 2012. Paquot et al., Sci.Reports 2012
Duport et al., Opt.Expr. 2012...

e External cavity Laser Diode
Brunner et al., Nature Comm. 2013
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®
Delay Dynamics as a Reservoir
Spatio-Temporal viewpoint of a DDE
(node pmmnn)\T\ . .
[T wﬁt...,f;g::z‘:vﬂﬂ' 2D Reservoir state
weafw,] o

Impulse response

fle]o Non linearity .

Reservoir, 7> R >

Delayed
feedback
Reservoir
response
IsamndRaad—Om [ jk]

matrix (circ. cor N\ o Read-Out Y

Discrete time variable: Delay time step

()

Virtual Spatial variable: internal delay waveform
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Optoelectronic DDE as a Reservoir e

Experimental setup

LiNbO sMach-Zehnder

telecom e
laser B 4.2km fiber
siectroned] |“gu“m, ==
bias:
tho
Filler ~ Photodiode

Gain % $‘_SLF
~
w(t) Input Signal hit)

wit) Read-Out Signal
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Optoelectronic DDE as a Reservoir

Experimental setup

LiNbO sMach-Zehnder

DFB flx]
telecom —
laser m fiber

.
alecimdes| | o elacticdes

bias:
Do

Filler  Fhotodiode

Gain % $‘_SLF
~
w(t) Input Signal hit)

wi(f) Read-Out Signal

Accurate & simple modeling
ex(s) + x(s) = B sin*[x(s — 1) + pus(s — 1) + Dy).
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Dynamical Processing of Spoken Digits

Input pre-processing
e Lyon Ear Model transformation (Time & Frequency 2D formatting, 60
Samples x 86 Freq.channel)
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Dynamical Processing of Spoken Digits

Input pre-processing
e Lyon Ear Model transformation (Time & Frequency 2D formatting, 60
Samples x 86 Freq.channel)

e Sparse “connection” of the 86 Freq. channel to the 400 neurons:
random connection matrix

Connectivity Matrix W' Cochleogram

Neurons states

20|

5
S

40|

X

60|

@
&
S

Neuron position (in &t
8
2

=
&
&
&
&
2
3
2
g
§
2
3
=

s
S
2

86l 400

20 40 60
Spoken digit flow (in %)

20 40 60 86
Freguency channel

20 40 60
Spoken digit flow (in 1)
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Dynamical Processing of Spoken Digits

Input pre-processing

e Lyon Ear Model transformation (Time & Frequency 2D formatting, 60

Samples x 86 Freq.channel)

e Sparse “connection” of the 86 Freq. channel to the 400 neurons:

random connection matrix

Connectivity Matrix W'

5
S

Neuron position (in &t
@
g 8
S 2

s
S
2

20 40 60
Freguency channel

Reservoir transient response:

Cochleogram

20 40 60
Spoken digit flow (in 1)

Neurons states

=5
8

Neuron position (in 67)

g

8

20 60
Spoken digit flow (in 1)

e Time series record for Read-Out post-processing

f&mto-st
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Read-Out, Training, and Testing

Training of the Read-Out with target output function
Learning: optimization of the W matrix, "five"

for each different digit

— Regression problem for A x W ~ B:
Wopt = (ATA — AXI)T'A"B

Continuous time,
Neurons within 5
x
Il

Discrets x
spoke digit flow ()
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Read-Out, Training, and Testing

Training of the Read-Out with target output function
Learning: optimization of the W matrix, "five"
for each different digit

l

— Regression problem for A x W ~ B:
Wopt = (ATA — AXI)T'A"B

_§
H
H
H
S

Neurons within %

20 40 60 2040
Discrete time step, n
sipken St Jow (o

Testing with training-defined Read-Out

Test result: State of the art
(close to 0% Word Error Rate)

w
»

«
readout mean()

15 o] |
! é N

B
nonlin_wta()
i aseisem 12545678910
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Read-Out, Training, and Testing

Training of the Read-Out with target output function
Learning: optimization of the W matrix,
for each different digit

— Regression problem for A x W ~ B:
Wopt = (ATA — AXI)T'A"B

Neurons within %

H
3
H
3
H
g
H
8

0 60 20 40
Discrete time step, n
sipken St Jow (o

Testing with training-defined Read-Out

Test result: State of the art
(close to 0% Word Error Rate) ‘

Input Information
to be processed

With Telecom Bandwidth setup:
EO phase
record speed recognition, 1M word/s Reservoir

Computer

RC Response
(to be Read-Out
after learning)
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Read-Out, Training, and Testing

Training of the Read-Out with target output function
Learning: optimization of the W matrix, "five"
for each different digit

l

— Regression problem for A x W ~ B:
Wopt = (ATA — AXI)T'A"B

_§
H
H
H
S

Neurons within %

20 40 60
Discrete time step, n
sipken St Jow (o

Testing with training-defined Read-Out

Test result: State of the art
(close to 0% Word Error Rate)

With Telecom Bandwidth setup:
record speed recognition, 1M word/s
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Example of a benchmark test with RC

Spoken digit recognition
(from TI46 speech corpus, 500 words, 0-9, 5x uttered, 10 speakers)

Connectivity Matrix W' Corhleagram

= ol

Target function

20040 60

Y

LW [ margin

&ef” %

L L.
2040 60 RO

femto-st
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High speed setup inspired by DPSK photoni(‘:

Electro-optic PHASE delayed feedback Reservoir
e Dual delay setup (DPSK demodulator) W Laser

Power
P

Electrical

Output

Amplified demod
Band pass
Photadiode

Lavrov et al. Phys.Rev.E 80 (2009)

femto-st
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High speed setup inspired by DPSK photoni(‘:

Electro-optic PHASE delayed feedback Reservoir
e Dual delay setup (DPSK demodulator) W Laser

e Allowed for world record optical -
chaos communication @ 10Gb/s
(broadband, and good SNR)
Output

Amplified demod.
Band pass
Photadiode

0 GHz/div
iy g

Lavrov et al. Phys.Rev.E 80 (2009)
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High speed setup inspired by DPSK photoni(‘:

Electro-optic PHASE delayed feedback Reservoir
e Dual delay setup (DPSK demodulator) W Laser

e Allowed for world record optical -
chaos communication @ 10Gb/s
(broadband, and good SNR)

Electrical

Output

Amplified demod.
Band pass
Photadiode

20 GHz/div
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High speed setup inspired by DPSK photonic‘:

Electro-optic PHASE delayed feedback Reservoir

e Dual delay setup (DPSK demodulator) Ve
e Allowed for world record optical o @
chaos communication @ 10Gb/s et
(broadband, and good SNR) — .
e Simple and efficient data injection S
via additional phase modulation = ::

c omputed B bass
iput jiode

Lavrov et al. Phys.Rev.E 80 (2009)
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High speed setup inspired by DPSK photonic‘:

Electro-optic PHASE delayed feedback Reservoir
e Dual delay setup (DPSK demodulator) g:Vw'L"IEI
e Allowed for world record optical
chaos communication @ 10Gb/s
(broadband, and good SNR)
e Simple and efficient data injection oo
via additional phase modulation

Output

o
ot )—H'a( ) = B-{cos[p(t — 7p) — p(t — p — 6T) + P¢] — cos Py}
Nonlinear dynamics issues )
e three time scales NL dynamics (7 < 6T < 7p) " TN
« Hopf bifurcation @ (8, ®) = (0.5, 7/4), fu = (26T) °~er‘“
e Modulation instability with period o :
e Period doubling-like route to chaos Wm w Ul W w
Lavrov et al. Phys.Rev.E 80 (2009) o o0 m;’"s
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High speed setup inspired by DPSK photonic‘:

Electro-optic PHASE delayed feedback Reservoir
e Dual delay setup (DPSK demodulator) gW;El
e Allowed for world record optical C | —r
chaos communication @ 10Gb/s
(broadband, and good SNR)

e Simple and efficient data injection oo
via additional phase modulation

Optical

Output

Amplified demod.
Band pass
Photadiode

cp(t)—i-TC:;f(t) = B-{cos[p(t — p) — p(t — Tp — 6T) + Py] — cos Py}

Nonlinear dynamics issues
e three time scales NL dynamics (7 < 6T < 7p)
e Hopf bifurcation @ (3, ®) = (0.5, 7/4), fu = (26T) >
e Modulation instability with period
e Period doubling-like route to chaos

arb. u

Amplitude

Amplitude (arb. units)

Lavrov et al. Phys.Rev.E 80 (2009)
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Million words/s speech recognition

Operating conditions

e Rest point along the nonlinear function, &, ~ 27/5
Feedback gain g (edge of instability): 0.7
Information weight (nonlinear strength): 1.2z
Input mask sampling: 17.6 GHz (56.8 ps)
Number of virtual nodes (neurons): 371 o R
unmasked input sample / delay: 3
Average processing time per digit: 60 x 371 x 56.8 ps= 1.26 us

Vg
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Million words/s speech recognition

Operating conditions

Rest point along the nonlinear function, ®, ~ 27 /5
Feedback gain g (edge of instability): 0.7
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(computational power & speed)
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e Address real-world problems (not academic benchmark)

e Design fully operational real-time RC systems (with FPGA and digital
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The simplest beginning in Dynamical Systen:s

Linear first order scalar dynamics

T d—f(t) +x(t) =0, 71 response time

X =—7-X, ~v = 1/7: rate of change

Simplest modeling of the un-avoidable continuous time (finite speed, or rate) physical transients
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Linear first order scalar dynamics
T d—’t‘(t) +x(t) =0, 7: response time
xX=—v-x, ~ = 1/7: rate of change
Simplest modeling of the un-avoidable continuous time (finite speed, or rate) physical transients

Time and Fourier domains (FT= Fourier Transform)

Low Pass Filter

H(w) = - = % elt) T (1)
S0 gl
with X(w) =FT[x(1)]. and E(w) =FT[e()], & we = 1/7 d
h(t)
(14 iwT)-X(w) =Ho - E(w) FT-! X([)-ﬁ-T%(Z) = Hy -e(1)
(remember FT~1[iw x ()] = SFT~[(1)])

h(t) =FT7'[H(w)]  Ilcausal) impulse reponse], ~ — x(t) = fioo h(t—¢)-e(&)de
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[
Solutions, initial conditions, phase space
Autonomous case (e(7) = ey, < ¢ = 0 with z = x — ¢)
TXx+x=0, 0: (dead) fixed point (x = 0)
= x(t) = xo e /T =xpe ", ~: convergence rate — 0, Vxo
—~ : < 0 eigenvalue (stable); Size of the init. cond., dimxy, = 1 =- 1D dynamics (or phase space)
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(i) T alt)
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(Graphics: intersect(s) between y = f[x] and y = x)
fl=

Stability @ xr: linearization for x() —xp = 0x(t) € 1,
fl=xr+0x-f'xr)] = bx=—y(1—ff) 6x= 1y 0x

fY’F < 0 = P-negative feedback, speed up the rate; f‘/F > 0, slow down the rate, possibly unstable if > 1
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Autonomous case (e(7) = ey, < ¢ = 0 with z = x — ¢)
TXx+x=0, 0: (dead) fixed point (x = 0)
= x(t) =xpe /T =xpe™ ",  ~: convergence rate — 0, Vxo
—~ : < 0 eigenvalue (stable); Size of the init. cond., dimxy, = 1 =- 1D dynamics (or phase space)
Feedback (e(r) = f[x(¢)]): stability, multi-stability
(t) T/x, a(t) -
Fixed point(s): {xr | x = fx]} r’ ~ >
(Graphics: intersect(s) between y = f[x] and y = x)
Stability @ xr: linearization for x(¢) — xr = dx(r) < 1, flad (4T ‘/TD

f[x] =xr + 0x 'fl[xF} = (ix = *’7(1 7fx/,,) L ox = Yo - ox NL Feedback Delay

/! < 0 = P-negative feedback, speed up the rate; fv’F > 0, slow down the rate, possibly unstable if > 1
Delayed feedback (¢(7) = f[x(r — 7p)]): co—dimensional
Fixed point(s): {xr | x = f[x]}

Stability: 6x(r) = a - e, eigenvalues: {c € C |1+ o1 =€ 7™ - £},
Size of initial conditions: {x(z), t € [-7p; 0]} = ooD phase space
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