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Research lines

= Nonlinear and stochastic DEICEUEWAIE
phenomena

— laser dynamics
— neuronal dynamics
— complex networks

— data analysis (climate,
biomedical signals)

Nonlinear

dynamics Applications



Lasers, neurons, climate, complex systems?

= Lasers allow us to study in a controlled way phenomena that
occur in diverse complex systems.

= Laser experiments allow to generate sufficient data to test new
methods of data analysis for prediction, classification, etc.
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Outline

= Photonic neurons
" How neurons encode information?

= Methods of time series analysis able to identify
patterns in data

= Applications to climate data
= Biomedical applications



Photonic neurons gy o | ligees

Spiking lasers can be the
building blocks of optical
Information processing systems

- neuro-inspired (spike-based),
- ultra-fast (ns vs ms),
- energy-efficient

Neuromorphic
Photonics

Paul R. Prucnal
Bhavin J. Shastri
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Can lasers mimic real neurons?

Neuronal spikes

Time (mMs)

= Inexpensive laser diodes 7 <0
(perturbed by optical feedback).




How neurons encode and process information?

Cracking (deciphering) the neural
code: important for neuroscience, and
also, for building photonic neurons.




We need methods of time
series analysis that are able
to identify “patterns” in data



Método de analisis de datos: analisis ordinal
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Bandt and Pompe: Phys. Rev. Lett. 2002



Usando “patrones ordinales”: ¢ cual es el “mensaje”?

Mensaje: ABFC A
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El numero de posibles patrones
aumenta con el numero de datos
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U. Parlitz et al. / Computers in Biology and Medicine 42 (2012) 319-327

x

.. ,
O"'-r‘.--.
s
e
s
.-/"*"
el
o
9
10 "
11 o N
12 7 %
13 e
14 A"
15 oo
16
17 7 e
18 o e
19 /See?
20 /e
21 /e
22 /v
23 /e
24 /e
25 0 g
26 e *
27 e
28 e e
29 o /et
30 o >

@~ Do B W N o e

31 ey
320/
33 e
34 r""t-\
35 o\,
36 e N,
37 /‘\/
38« e
39 >
40 N,
41 N 0
42 e,
43 N0
44 N
45 e
46 e,
47 N 0
48 " e,
49,
50 &« *
51 e M
52 ¢
53 o
54 e %
55 e
56 *ey *
57 e
58 *—e* N\,
59 +—\
60 =~ ™,

61 ¢ o
62 * "
63 « e
64+,
65+, e
66+ ey
67 « N\
68 « "\
B9« e
70 * N,
7107 e
72
735, e
745,
75 S
76
77 % e
78 %
79 ey
80 *~a_y/
81 %o
82 e,
83 S\,
84 e,
85 %, o
86 *+
87 **e
88 *e—e™,
89+,
90 *+"",

91 * N\ et
92 "N\, e
93 ¥ et
94 Nee,
95 * e, e
96 ¥ e,
97 e
98 "\, "
99 "\ "
100 "
101",
102, "%
103 ey
104 ey
105 “e—a
106 e\,
107 e
108",
109" %, "
11070y ™
111 e *
11270,
11370 e
1140,
115 %, o
116" e
117 % o
118" e,
119" %o o
120" *e—,

Xis Xir1s Xir2r Xir3s Xjrg }



Intensidad

Analisis de pulsos opticos ¢ cual es el patron ordinal?
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Probabilidades
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Para cada serie temporal calculamos la frecuencia
de aparicion de los distintos “patrones”
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1. Analizamos las
probabilidades.

2. Calculamos medidas de
“‘desorden” y de
“‘complejidad” usando
teoria de la informacion.



Analizando probabilidades podemos encontrar
similaridades estadisticas entre sistemas muy distintos

Neurona

Probabilidades |
de los |
patrones

Amplitud de forzamiento  Amplitud de forzamiento

J. M. Aparicio-Reinoso et al PRE 94, 032218 (2016) A. Aragoneses et al, Sci. Rep. 4, 4696 (2014)



Analizando la estadistica de los patrones
ordinales podemos diferenciar los dos estados

Ojos cerrados Ojos abiertos

0 20 40 60 80 100 120
time (seq)

C. Quintero-Quiroz et al, “Differentiating resting brain states using ordinal
symbolic analysis”, Chaos 28, 106307 (2018).



Analizando la estadistica de los patrones ordinales
podemos anticipar transiciones abruptas

Parametro de control

C. Masoller et al, Quantifying sudden changes in dynamical systems
using symbolic networks”, New J. of Phys. 17, 023068 (2015)
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El metodo tambien permite caracterizar transiciones
graduales

Video: how complex optical signhals emerge from noise

Quantitative identification of dynamical transitions
in a semiconductor laser with optical feedback

Carlos Quintero, Jordi Tiana-Alsina, Jordi Roma,
M. Carme Torrent, and Cristina Masoller.

Recerca en o Lineal, Optica No Linea [ L3

namic

Dinamica i Optica No Lineal i Lasers (DONLL)
Dept. Fisica, Terrassa, Barcelona, Spairy



https://youtu.be/nltBQG_IIWQ

Podemos usar estas tecnicas en series climatologicas,
para identificar regiones afectadas por cambios climaticos
graduales?

19



Surface air temperature in two different regions
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Can changes be quantified? With what reliability?
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Transformada de Hilbert
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Graficando “y” versus “x” obtenemos una “trayectoria”
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Coseno de la fase de Hilbert

1 July
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¢, Como pasan las estaciones?
Evolucidn tipica del coseno de la fase

1 January

0 90 180 270



¢ Como detector cambios significativos ocurridos en
los ultimos 30 anos?

Aa = <a>2016—2007 - <a>1988—1979

Aa

<a> 20161979

Son significativos si Aa > <> + 20, Aa < <> — 20

(@)

100 “surrogados” ’




D. A. Zappala, M. Barreiro, and C. Masoller, “Quantifying changes in spatial
patterns of surface air temperature dynamics over several decades”,
Earth Syst. Dynam. 9, 383-391 (2018).
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¢, Que son los sistemas complejos?
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Aplicacion de analisis de redes a imagenes de retina

the fractal dimension of the blood vessels in the normal human retina
Is ~1.7 while it tends to increase with the level of diabetic retinopathy.

28



Manual segmentation: distribution of weighted degrees

Si = Zj Wi j
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P. Amil et al, Network-based features for retinal fundus vessel structure analysis,

PL0oS ONE 14, e0220132 (2019).



¢,como sincronizan los sistemas complejos?

Figure 1| Fireflies, fireflies burning bright. In the forests of the night,
certain species of firefly flash in perfect synchrony — here Pteroptyx
malaccae in a mangrove apple tree in Malaysia. Kaka ef al.* and

Mancoff et al.’ show that the same principle can be applied to "
oscillators at the nanoscale.



Kuramoto model
(Japanese physicist, 1975)

Model of all-to-all coupled phase oscillators.
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K = coupling strength, & = stochastic term (noise)

Describes the emergence of collective behavior
How to quantify? N
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j=1

r =0 incoherent state (oscillators scattered in the unit circle)
r =1 all oscillators are in phase (=6, V 1,j)



Synchronization transition as the
coupling strength increases

Strogatz and
others, late 90’

s

0

The synchronization transition can
Strogatz, Nature 2001 be second order or “explosive”.

Video: https://www.ted.com/talks/steven strogatz on sync



https://www.ted.com/talks/steven_strogatz_on_sync

Analizando la estadistica de los “lags” entre pares de
osciladores podemos tratar de

- Inferir la existencia de “direct links”
- Anticipar la transicion a la sincronizacion.

(a) A =1
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1
Coupling strength

|. Leyva and C. Masoller, “Inferring the connectivity of coupled oscillators and
anticipating their transition to synchrony through lag-time analysis”,
Chaos, Solitons and Fractals 133 109604 (2020). 33



Resumiendo

= Estamos utilizando diversos metodos de analisis de
datos para investigar sistemas complejos

- Datos empiricos (laseres, EEGs, clima, imagenes)

- Datos sinteticos (modelos de neuronas, modelos de
osciladores acoplados)

= Nos Interesa

— Identificar patrones de comportamiento similares en
sistemas distintos

— Caracterizar cambios de comportamiento (graduales
0 abruptos).
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