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Nonlinear Photonlcs Laboratory at IFISC has been operational since 2009

Experimental implementations + numerical simulations

Semiconductor lasers
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M. C. Soriano, J. Garcia-Ojalvo, C. R. Mirasso, and I. Fischer, “Complex photonics: Dynamics and applications of delay-
coupled semiconductors lasers”, Reviews of Modern Physics 85, 421-470 (2013).
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Photonics for Unconventional Computing

Review Article | Published: 29 January 2021

Photonics for artificial intelligence and
neuromorphic computing

Bhavin J. Shastri &, Alexander N. Tait &, T. Ferreira de Lima, Wolfram H. P. Pernice, Harish Bhaskaran,
C. D. Wright & Paul R. Prucnal

Nature Photonics 15,102-114(2021) | Cite this article

Review Article | Open Access | Published: 03 February 2022

Photonic matrix multiplication lights up photonic
accelerator and beyond

Hailong Zhou, Jianji Dong &, Junwei Cheng, Wenchan Dong, Chaoran Huang, Yichen Shen, Qiming

Zhang, Min Gu, Chao Qian, Hongsheng Chen, Zhichao Ruan & Xinliang Zhang

Light: Science & Applications 11, Article number: 30 (2022) | Cite this article

DE GRUYTER Nanophotonics 2023; 12(5): 773 -775

Editorial

Daniel Brunner*, Miguel C. Soriano and Shanhui Fan

Neural network learning with photonics and
for photonic circuit design
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Feed Forward

Recurrent Network

Network
Output Layer Optics and photonics:
- Parallelism
- Speed & bandwidth
Hidden Layer - Energy efficiency

- Lossless transmission
- Nonlinear effects

Input Layer

Feed Forward Neural Networks can approximate any continuous function ( 21 hidden
layers + non-linear activations)

Recurrent Neural Networks can approximate a dynamical system
X - input y - output

Video activity recognition Running
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- Optical neural networks explored in the 1980s but — y  Cr—— ‘
interest in Al declines

- Renewed interest from 2010: Approaches to
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for neuromorphic computing”, Nanophotonics 12, 795-817 (2023)
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S - Reservoir Computing: RNN with random input and
| | hidden layer connections

i 1 2 3)4 1/2]3 4 i K input nodes Reservoir with N state nodes L output nodes

\ - |

: Time v :

: I

Time-delay (TD) RC

mode] %

Optoelectronic TD-RC '™
All-optical TD-RC M
All-optical RC using a
semiconductor laser diode!*?"!

| - dotted lines: trained interconnections
- solid lines: random but fixed interconnections

I\\(/.IoBrg:;dﬁt’g(Lx '\ﬂ/'”:;?hne’"Y'KSLQL’J Yar|1_clj S Vh\/{gss K. Vandoorne, et al., “Toward optical signal

« ST L ' ’ : ' ing Photonic Reservoir Computing”
Photonic multiplexing techniques for neuromorphic processing Using ’
computing”, Nanophotonics 12, 795-817 (2023) Optics Express 16, 11182-11192 (2008).
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Traditional Reservoir Time-multiplexed Reservoir

_ Virtual nodes
Random, fixed connections

L. Appeltant, M. C. Soriano, G. Van der Sande, J. Danckaert, S. Massar, J. Dambre, B. Schrauwen, C. R. Mirasso, and I.
Fischer, “Information processing using a single dynamical node as complex system”, Nature Communications 2, 468 (2011).
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Traditional Reservoir Time-multiplexed Reservoir

<+—>

Random, fixed connections

L. Appeltant, M. C. Soriano, G. Van der Sande, J. Danckaert, S. Massar, J. Dambre, B. Schrauwen, C. R. Mirasso, and I.
Fischer, “Information processing using a single dynamical node as complex system”, Nature Communications 2, 468 (2011).
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Single node with delayed feedback

Input layer Delay-based Reservoir Output layer  Classes
A
el
3B
_____ N
C

Trained weights

Time multiplexing

Virtual nodes

Computing with nonlinear transient dynamics

Time multiplexing and time-delayed systems
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How it started:
Vel U Vs B

| ) towards a PHOtonic liquid state machine
based on delay-CoUpled Systems
Electronic

approach
Nature Commun.
2, 468 (2011)
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Optoelectronic approach

Implementations

How it’s going:
Telecom wavelengths / fiber based
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Nat. Commun.
4, 1364 (2013)
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- Recognition of spoken digits A M

Error-free classification — .

~ 0.1 Million words / sec bt

- Prediction of chaotic time series Pty L
Prediction errors <6% — e o
~ 13 Million points / sec g

- Approaching processing speeds of OSNR (d8)

Gb/s for telecom tasks e s Ly

o, N A. Argyris,
W 1077 wprFEc AN 0 ;
@ -------------- B=g—o—o—w-c-—o—2| Nanophotonics
10’3 3 LR —f—f—o—mo

..... 11, 897-916 (2022)

% 1 —o—RC (9 =50ps) ‘ —o—RC (8, 25ps)
FIBER RANSMISSION LINE roecece i -10 5 0 5 10 15
= 10km 20km 50km Launched optical peak power (dBm)
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* Information processing with photonic systems and time-multiplexing
From Classical...
* Speeding up computation with semiconductor lasers
* Integrated photonics
* Training hardware systems

To Quantum Reservoir Computing
* Proposal in a photonic substrate
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Experimental Setup

Semiconductor Laser subject to Optical

MASK INPUT SIGNAL
Feedback + Optical Injection —_— ? P

ARBITARY
WAVEFORM
GENERATOR

OPTICAL POLARIZATION

Reservoir
l OPTICAL ISOLATOR CONTROLLER

RC RESPONSE
LASER

OPTICAL
OPTICAL POLARIZATION
CIRCULATOR  \;re l/ATOR  CONTROLLER

—

QPTICAL RESERVOIR
TRANSFORMED  pyoro.
SIGNAL DETECTOR
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OPTICAL POLARIZATION  INJECTION
MODULATOR CONTROLLER  LASER

Semiconductor Laser with delayed feedback

Reservoir: Response laser with feedback

semiconductor laser @ 1545.5 nm
biased around threshold 10.8mA
single longitudinal mode

delay loop with 24.5 ns (40MHz)

Input modulation
Keysight AWG M8196A
- intensity modulation @ max. 92 GSals
- analog bandwidth @ 32 GHz
optical modulator (MZM) @ 40 GHz bandwidth

Output measurement
photoreceiver @ 40 GHz bandwidth
Keysight Oscilloscope UXR0404A

- sampling intensity @ max. 256 GSa/s
- 3 samples per input sample
- analog bandwidth @ 40 GHz

http://ifisc.uib-csic.es/miguel
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0 . = u . . . Semiconductor Laser subject to Optical Mask INPUT SIGNAL
ptlcal |nject|on as nonllneal' IIIeChanISIII tO Feedback + Optical Injection - @
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Optical frequency (GHz)
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Optical injection as nonlinear mechanism to
increase bandwidth — exploit fast dynamics

MASK INPUT SIGNAL
— ? —
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l
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voltage [V]

voltage [V]

How to speed up computations?

Possible to encode virtual neurons @ 11.7ps/85 GHz

strong injection gain to exploit bandwidth enhancement

varying detuning between injection and reservoir laser
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Experimental results

® G
- 200 nodes @ 11.7ps — T ~ 2.4ns (~ 0.4GHz) -

nonlinear
ultrafast RNN for time-series processing node

Time-series prediction

G G

detuning = 6.0 GHz
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Towards a complete device for delayed RC:

RESERVOIR

STEPO STEP 1 STEP 2 STEP 3

N
x(8) ——— 0/(t) = wi(t) x,(t) — o(k) = Z o[t — (N - D)¥]
i

! Amplitude I
l Analog PIC readout
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Towards a complete device for delayed RC:

STEPO ; STEP 1 STEP 2 STEP 3
N
X (£) ———————r  0,(£) = wy(t) x,(t) — 0(k) = Z o;[t — (N —i)¥]
if 9 R 1 i

b f—————— —tr
o8 18 28 30 49 59 N1t

xn(t)

'_an"‘ T=N&

Amplitude
i Analog PIC readout
Advanced analog PIC readout

Integrated solution for output layer:

PowerSpIitterl | Delay lines |

Pin

Integrated photonics Il *

Circuit proposal:

e e e A T
2 B P Z =

\

ERYEYESH

!

%
!
F
%
»‘,
-
‘
%
|

= =)

e —]|

N

Phase shifter

Phase shifter

I . ‘ PhD thesis
— . T. Jonuzi

Amplitude
Modulator

Phase shifter

Phase shifter

- VLG
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Preliminary results for a circuit with 9 paths of increasing delay ~ 33ps spacing
- Tuning of amplitudes (weights) with tunable heaters
- Injection of a single pulse at the input of the PIC
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= n
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Hardware-based learning / Hardware and software co-design — better adaptation means
higher resource efficiency

@[ |d
m\w L

—El—_q- H [ I—.—Ce

- —En

1

1) Training on model and transfer of parameters to experimental system

(include in the model the detailed characteristics of the experiment:
component tolerance, signal to noise ratio, bandwidth, ...)

Forward mode

2) Training directly on experimental system
(with external feedback or autonomous)

mirror
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* From random mapping to full optimization * i
— Back-propagation through time (BPTT)
— Optimized mask for the system and the task A *

Mask adapted to the
analog bandwidth of
the system

average power

200

150

100 250

w

* Learning procedure improves results but increases complexity
— For handwritten digit recognition task (MNIST) error for RC ~ 7% and BPTT ~ 1%
— Training time for RC ~ minutes and BPTT ~ hours

M. Hermans, M. C. Soriano, J. Dambre, P. Bienstman, and |. Fischer, “Photonic delay systems as machine learning
implementations”, Journal of Machine Learning Research 16, p. 2081-2097 , Oct 2015.
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* Online learning strategies for optical neural networks
— No mathematical model needed M . (@S:F "
— Train input and output weights T, ]

MZMm MzZMm

Fe=HE--Ore

iph -

* Extract the system’s gradient and use it for learning
— estimating the gradients via sampling (measuring) the error related to small changes in the weights

90

80

j=F(u,Wi), e=y—14

5 ; ¥ numerical
vs = Flu, Wi+ adW), es =y — ys * o]
N % 50 .
. ; ol £ PhD thesis
Wii1 = Wi + E nie —es)Wa N M. Goldmann

i
20 4 —— train only Wy, max. @ (86.24%)
— train Woy: and Wi, max. @ (94.08%)

10 4

T T T T T T T T T
0 100 200 300 400 500 600 700 800
batches

— evolutionary strategies based on sampling adaptation: parameter exploring policy gradient
(150 neurons with 10 bit weight resolution on MNIST)
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Reviews in Physics 12 (2024) 100093

Contents lists available at ScienceDirect

Reviews in Physics

journal homepage: www.elsevier.com/locate/revip

Photonic RC beyond time multiplexing

A photonics perspective on computing with physical substrates

S. Abreu?, I. Boikov ", M. Goldmann ¢, T. Jonuzi ¢, A. Lupo®, S. Masaad /, L. Nguyen ¢,

E. Picco®, G. Pourcel?, A. Skalli ", L. Talandier®, B. Vettelschoss ', E.A. Vlieg/,

A. Argyris®, P. Bienstman, D. Brunner ", J. Dambre, L. Daudet”, J.D. Domenech ¢,
I. Fischer ¢, F. Horst/, S. Massar ¢, C.R. Mirasso ¢, B.J. Offrein’, A. Rossi”,

M.C. Soriano ¢7, S. Sygletos &, S.K. Turitsyn @
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‘0ROGe

-

R

Input examples

Output y

— e m m mm mm mm om— E—y

Photonic RC with space multiplexing

Configuration DMD,,

DET
Wuut y
Wint :
Carrier diffusion
Lavity diirECIRE—
. ReSEIVOIr
(€) & {d)5 6-bit HR
A B
or oy
g \ 230
o (NN
e v
S \
- 10
i 0 . a Lo I
0 Learning epochs 1000

Reservoir: Large-
area Vertical Cavity
Surface Emitting
Laser

- Different spatial
locations as
reservoir nodes

- Input and output
layer also in
hardware!

A. Skalli, J. Robertson, D. Owen-Newns, M. Hejda, X. Porte, S. Reitzenstein, A. Hurtado, D. Brunner, “Photonic neuromorphic computing
using vertical cavity semiconductor lasers”, Optical Materials Express 12, 2395 (2022).
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Input u(n) [ RF

Demonstrated in benchmark tasks:
- Nonlinear channel equalization
- Chaotic time series prediction

_,a) Nonlinear Channel Equalization » b) Chaotic Time Series Prediction
o' 1
—F— Digital weighting —F— Digital weighting
20/80 —F— Optical weighting —F— Optical weighting
Po1(] ]
0 EDFA
, & 2 o
107 - Reservoir: g Z
20} - Optoelectronic
30} system
‘ . qoe b
-40 8 12 16 20 24 28 32 -10 -8 6 4 -2 0 2 4 6 8 10
F I . Channel Equalization SNR (dB) Time Shift
- - Frequency lines
as reservoir modes

Normalized spectral power (dB/nm)

-60

e - Recent extension to deep reservoirs!

Wavelength (nm)

1549

L. Butschek, A. Akrout, E. Dimitriadou, A. Lupo, M. Haelterman, S. Massar, “Photonic reservoir computer based on frequency
multiplexing”, Optics Letters 47, 782 (2022).
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* Information processing with photonic systems and time-multiplexing
From Classical...
* Speeding up computation with semiconductor lasers
* Integrated photonics
* Training hardware systems
To Quantum Reservoir Computing
* Proposal in a photonic substrate
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Advantages of quantum photonics

> High transmission speed
» Long time quantum coherence

» Scalability (time/frequency multiplexing...)

QUANTUM COMPUTING
Quantum computational advantage using photons

Han-Sen Zhong"?*, Hui Wang"?*, Yu-Hao Deng"?*, Ming-Cheng Chen"?, Li-Chao Peng'?,

Yi-Han Luo*?, Jian Qin*?, Dian Wu'?, Xing Ding"?, Yi Hu'?, Peng Hu®, Xiao-Yan Yang®, Wei-Jun Zhang?,
Hao Li3, Yuxuan Li*, Xiao Jiang"?, Lin Gan®, Guangwen Yang?, Lixing You®, Zhen Wang?, Li Li*?,
Nai-Le Liu*?, Chao-Yang Lu®?t, Jian-Wei Pan®2+

Quantum computers promise to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is considered a strong candidate to demonstrate

the quantum computational advantage. We performed Gaussian boson sampling by sending 50
indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output
using 100 high-efficiency single-photon detectors. The obtained samples were validated against plausible
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic
quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-
space dimension of 10°° and a sampling rate that is faster than using the state-of-the-art simulation
strategy and supercomputers by a factor of ~10™.

Zhong et al., Science 370, 1460-1463 (2020)
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Photonic quantum technologies

nature

Explore content v  About the journal v  Publish with us v

nature > articles > article

Article | Open Access | Published: 01 June 2022

Quantum computational advantage witha
programmable photonic processor
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E. F. Bulmer, Filippo M. Miatto, Leonhard Neuhaus, Lukas G. Helt, Matthew J. Collins, Adriana E. Lita,
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[FISC ? e Photonic quantum technologies

2028 - 2027

Advantages of quantum photonics

> High transmission speed

» Long time quantum

» Fast-evolving field

» Scalability (time/frec

» Relevant for a wide variety of
applications (quantum computing,
quantum simulation, quantum
communications, etc)

QUANTUM COMP
Quantum co

Han-Sen Zhong?*, Hu
Yi-Han Luo?, Jian Qin|
Hao Li®, Yuxuan Li%, Xi
Nai-Le Liu2, Chao-Yan|

e journal v Publish withus v

Quantum computers p
computers. Boson sampling is such a task and is considered a strong candidate to demonstrate
the quantum computational advantage. We performed Gaussian boson sampling by sending 50

indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full Lars S. Madsen, Fabian Laudenbach, Mohsen Falamarzi. Askarani, Fabien Rortais, Trevor Vincent, Jacob
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output E. F. Bulmer, Filippo M. Miatto, Leonhard Neuhaus, Lukas G. Helt, Matthew J. Collins, Adriana E. Lita,
using 100 high-efficiency single-photon detectors. The obtained samples were validated against plausible Thomas Gerrits, Sae Woo Nam, Varun D. Vaidya, Matteo Menotti, Ish Dhand, Zachary Vernon, Nicolés
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic

quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-
space dimension of 10°° and a sampling rate that is faster than using the state-of-the-art simulation
strategy and supercomputers by a factor of ~10'.

Photonic processor

Quesada & & Jonathan Lavoie

Nature 606, 75-81(2022) | Cite this article

Zhong et al., Science 370, 1460-1463 (2020)
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[FISC 9MAE Quantum Machine Learning

Quantum Reservoir Computing

Quartum Proposal in photonics:
Eacoo{?wg Measurement
Quarﬂ"um 'I/ AL o o \l
s(t) Outat | e |
PA sicaf / ! p&putk P Input k+1 !
—> Subsf'mfe 7 ayer N +x Y,
[A)(f) ( i f) =Wy + Z ”}(A,(f)) =

Scientific challenges: {Ands. fen

> RC requires memory, nonlinearity, and high dimensionality

» Measurement alters quantum state — memory needs to be preserved

Reservoir

> Output layer over expected values — multiple measurements or multiple
copies of the experiment are needed

»  Strategies are needed for conducting experiments in real time

P. Mujal, R. Martinez-Pefa, J. Nokkala, J. Garcia-Beni, G. L. Giorgi, M. C. Soriano, and R. Zambrini. “Opportunities in Quantum Reservoir
Computing and Extreme Learning Machines.” Advanced Quantum Technologies, 2100027 (2021)
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A s % (D)
“x X A "“‘i

> AE | "
~ ﬂ\ R
34 |

Nuclear magnetlc resonance
in molecules

C}gi/j}p

Fermions or bosons

Trapped ions

(d) J_

Superconducting qubits

in lattices
(e)
- e
_i ﬁ C-ull'put
= . =l I II II [

Quantum circuits

Photonic platforms
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Quantum Reservoir Computing

||
RESERVOR H
||

Classical Substrate

Xk
Classical cgtc
Input (s} %" = To
[21, 23 54-60]
CCQ
- {se} X" = T
Quantum QCC
Input {2}, X" — To
_ _ QCQ
pi!n { p;:n out — Tq
61

(&)
=
=
<t
o
=

Quantum Substrate

s

cQcC
{se}, {09"} = Tc

[33-41,43,44,47,52]

{1}, {09} — T
[48, 49]
QQC
(o}, 05"} - T
. QQQ
{A}, {09} - Tq
46,50, 62, 63]

P. Mujal et al, (2021), Opportunities in Quantum
Reservoir Computing and Extreme Learning
Machines. Adv. Quantum Technol., 4: 2100027.
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[FISC € e Platform proposal 1/2
Platform scheme: Information carrier: optical pulse
N modes
e frequency

7~ ) N
|I H» Tk :J{UAT \I | .

iq/\m\,v...d,;mpp__,\qnnﬂ.‘ I |
H p D I W
I |jputk Input k+1 =
{ X X | H .
| e ’{ J Input ancilla: squeezed vacuum state

D ‘_ _ - ___ I ____ i Input encoding . Pl
: E —xe’
- ’ /%(p/z
7 N\ Ok = f(sk)

f,( x }@ m——— D

7 e Non-linear crystals: mode coupling

~ 7 Lo\ X I
X @ HX(Z) = Zwiai a; + Z (gijai a; + thi;a; a; + h.c.)
T J« @ ®N e et

N

Fiber LD Quantum measurement: photodetection
Reservoir N T
Homodyne detection of quadratures ; = ﬁ (ai + ai) i=1,...,
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(Fis¢ Qu Platform proposal 2/2

Platform scheme: Physical ensemble:
Il// AT Trt, :J{WAT \\\l
| e e |
I P Input k E Input k+1 I
‘ X X '
\\____’ I s T S /!

s,
pL

. )2 vt
-— e =1 adl

»
~
s
s

0D V. Parigi, LKB
Reservoir Readout observables:
W] _/x® 5 ®\ k) (k)
» M denotes the number of pulses in the loop and the Input s — [UeStLj_<Xi X >M <XZ >M <XJ >M

number of statistical samples for the ensemble Size of the reservoir (covariance matrix): N(N+1)/2
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Fs¢ Qu Benchmark tasks

# obs.

Readout layer — vy = Wy + Z W,-ng)
RESERVOIR OUTPL —

Target function — o = F(Sk, Sk—1, Sk—2,- - - )

Short-term memory System identification Time series prediction

x(k)=1{3,4,2,9,6,1,8,5,2,3...}

*
RESERVOR K3 ﬁ 1.0+
-
0.5 4

E
y=x(k-1)={4,2,9,6,1,8,...} RESERVOR 2 e e A S
g 0 25 50 75 100 125 150 175 200 225 250
y'=x(k-3)={9,6,1,8,5,2,...} !
] L Capacity
Performance metrics: MSE, (y,y) = Z(yk — k)’ Cr(y,y)=1—MSE.(y,y)

k=1
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y MARIA
9 DE MAEZTU
D 20232027

Linear memory capacity

1.00

. = ——= R=0.75
=0.75 R=0.9
= 0.50
Z0.251 === N =38 \

— N =10
0.00 . ‘ - - -
10 20 30 40 50 60
Delay
Simulation = Ut s €Uy
r =1

parameters &, = 3msy /4
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Linear memory

Reconstruct linear functions of the inputs

Ur(d) = sp—g

Ideal case (infinite ensemble)

> Increasing N: more delay depth, same shape.

> Increasing R: more delay depth, different shape.

Photonic QRC platform has memory!

> Dynamics:
w; =1 Vi At=1

9ij € Uig)-ng.(g)+2g {<9> =0.2; (h) =0.3
hij € Uyny—an,(hy+Ah] Ag=Ah=0.1

http://ifisc.uib-csic.es/miguel
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From ideal case to finite ensemble

o T mm mm = - ———

1.00
5 0.75
€ 0.50
= | M — oo
= 0.95
= 025 M =3-10°

&
o
S

30 40 50
Delay
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60

Finite ensemble

o= = mm mm omm o o omm mm mm mm mm Em Em Em Em Em Em Em Em e e e ~
Statistical fluctuations:
> Decomposition of ideal
k k k
ést) — 1(de)a.1 + &y . observables + statistical
noise
(€01 ])vear. < MY/ > Statistical noise related to

the number of pulses (size of
the ensemble M)

— o o e o e mmm e e e mm e e e e mm e e e e e b

> Finite ensemble: reduced memory

> Exponential factor increase of M needed to maintain
quadratic scaling with N

*M = 300, 3000, 30000, ...

http://ifisc.uib-csic.es/miguel
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Time-series prediction

EXCELENCIA
MARIA

DE MAEZTU
2023 - 2027

—— Signal
o Ideal

0.0+
0 20 40 60 80 100
Time
b) 3 'y R=05
T T I— R=0.7
e 10-1 i 1 T R=0.90
<2 L I
2 S
. & E i
-1 I1
1072 1 I
$41

102 10° 100 100 10°  Ideal
M

Benchmark task

With finite number of pulses, high performance for
practical benchmarks is possible

Strategy to improve size scalability and number of
needed measurements M — balance between signal-to-
noise ratio of observables and signal in the loop

Photonic platform has nonlinearity and high-
dimensionality

J. Garcia-Beni, G. L. Giorgi, M. C. Soriano, and R. Zambrini. “Scalable photonic platform for real-time quantum reservoir computing.”

Physical Review Applied 20, 014051 (2023) / arXiv:2207.14031

11th
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{I PI Tnput k P1 Input k+1 \} Non-linear crystal:
I |_X — +X I
I\ _| ,} Transformation applied to the
S~ 1 ---------- 5 - quadrature vector:
Source
/ Detector R/ — SNLR
\ / |
‘ Passive
— R /\
S, = UAV
/= N\ —
\ ( NL |\ Active (squeezing)

Parameter 7 determines the squeezing
per mode generated by the crystal.
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Role of squeezing

» Active transformation:
generates squeezing

> Passive part: constant
number of photons

<« A, =diag (6”/2, e"T2 "N/ e_TN/Q)

http://ifisc.uib-csic.es/miguel



W) EXCELENCIA

[FISC ¢ i Role of squeezing
Non-linear system identification task (NARMA10)

meas noise

10 » Requires high linear
Target f: v = 0.3yr—1 + 0.0y, Z Wi ?nnequour?/dratlc
s=» y=f(s) —>y =1
+0.068_18k—10 + 0.1 > Quite sensitive to

Ideal 02 0 = 1072 02 e = 1071 J readout noise
Py 10° == = Iz I T
= T T T T - Squeezing in active cavity improves the
2 ‘ T[ m TJ noise robustness of the quantum reservoir
z |
e
= | |
m 107
= ! ! T | \‘ J Readout noise
- L. Ok), =00 +EM (0,02,

0.00 0.25 0.50 075 1.00 1.25 1.50 idea
Squeezing

J. Garcia-Beni, G. L. Giorgi, M. C. Soriano, and R. Zambrini, “Squeezing as a resource for time series processing in quantum reservoir
computing”, Optics Express 32, 6733-6747 (2024).
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[FISC ?AE Outlook @ IFISC

1. Cross-fertilization between complex photonics and information

e = T processing
= %J Sl A. Opportunities for integrated photonic circuits
“? = <§ | B. Development of new learning concepts (hardware-aware)
@‘ — s — E}} &

C. Practical implementations for quantum reservoir computing

2. Approaches based on Time-multiplexing
A. Rapid prototyping
B. Adaptability to task requirements

DE GRUYTER

Daniel Brunner, Miguel C. Soriano,
Guy Van der Sande (Eds.)

PHOTONIC RESERVOIR
COMPUTING

OPTICAL,RECURRENT NEURAL NETWORKS
.

A human brain on top of a photonic integrated circuit

* Stable Diffusion (2022 / 2024)
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1. Cross-fertilization between complex photonics and information
processing
A. Opportunities for integrated photonic circuits
B. Development of new learning concepts (hardware-aware)
C. Practical implementations for quantum reservoir computing

2. Approaches based on Time-multiplexing
A. Rapid prototyping
B. Adaptability to task requirements

Z ﬂx

Claudio R. Mirasso

for your attention

Tigers Jonuzi (VLC Photonics)

“csic ®

Jorge Garcia Beni

Lniversitat o @ifisc_mallorca 0 Facebook.com/ifisc  http://ifisc.uib-csic.es - Mallorca - Spain
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[FISC ?AE Squeezing

(d)

vacuum state

» Quadrature (field operators) fluctuations below
shot-noise limit.

» Resource for entanglement in CV quantum
optics. (e)

squeezed vacum state

> Key to several quantum technologies.

mﬁ”re . EETIERS
p Otonlcs PUBLISHED ONLINE: 21 JULY 2013 | DOI: 10.1038/NPHOTON.2013.177

Enhanced sensitivity of the LIGO gravitational

wave detector by using squeezed states of light
The LIGO Scientific Collaboration* e 79, Hoia {2009}

Quantum computing with continuous-variable clusters

Mile Gu,' Christian Weedbrook,' Nicolas C. I\fleni::ucci,"z‘3 Timothy C. Ralph,1 and Peter van Loock”

Universitat

“CsiIc @ de e e Balars o @ifisc_mallorca 0 Facebook.com/ifisc  http://ifisc.uib-csic.es - Mallorca - Spain
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