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Motivation

= High performance computing systems and artificial
Intelligence systems consume huge amounts of
energy.

= Big concern in the context of climate change.
= Photonic systems can be

* much faster,
e consume much less energy.
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Photonic computing systems need the development of
tiny laser light sources that can be integrated on chips

Semiconductor nanolasers have three key advantages:

* Very small

* Very low threshold
« Room Temp. operation
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Nanolaser array

2x2 Photonic crystal cavities in an Indium Phosphide (InP)
membrane, with embedded InGaAsP quantum wells

Dielectric material with periodic
structures (holes)
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be tuned by changing the
parameters of the structure
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Schematic representation of a4 x 4 array

—=Two layer photonic ANN

™ cristina.masoller@upc.edu Y @cristinamasoll1



Nanolaser array for binary classification of low-resolution images

Image(k) Code image in the spatial optical pump P&

# E (by using a spatlal light modulator)
Y -
0 /N :
1540 1545 1550 1555
‘ x zi. = Wavelength (nm)

Analyze the spectrum

If a “selected-mode” lases:
Image is classified as 0, else 1

Key issue: good “spectral gap”.
Machine learning parameter optimization.
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Model

. dam,n

"t

= Kx(am—l,n + am+l,n) + Ky(am,n—l + am,n+1) + i(gm,n — y)am,n
Spatial pump pattern: P = {g,, .}
Transformation matrix M: P = [M |]; | it the matrix of pixel values.

(k) p(k):||\/| |(k)|

—_—

H = Z Kl |amn)<am+1,n| + Kzlamn)(am+1,n| + h.c. + i(gmn T y)|amn><am,n|
mmn

« All the eigenvalues with J3[4;] <0 - STABILITY (OFF STATE)
« At least one eigenvalue with J[4;] > 0 - INSTABILITY (ON STATE)
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Implementation

We simulate 8x8 identically diffusively coupled nanocavities.
64 rate equations for the complex amplitudes a,,,,.
Images to be classified need to be re-sized to 8x8.

A more realistic model (including detunings) is needed to
obtain experimentally good classification.

Goal: find the 64 elements of matrix M (optical pump
PK=|MI®|, where 1 js the pixel matrix of the kth image) that
optimize the classification performance.
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Data

= Hand-written digit dataset freely available at University of
California—Irvine (UCI) ML repository.

= 360 images.
= 75% (270 images) for training, 25% (90 images) for testing.
= 8x8 image resolution.
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Machine learning optimization

Minimization of the cost function using images of training set.

C=-> tanh(r;&gik)) + > tanh(rg&e(k))
ke {+} ke{-}
{+} and {-} denote the two sets of images for which the
“spectral gap” of kth image Ae® is expected to be + or -.

Ae® = max J |Efk} | — max J |Efk}|
Naa T ()| < ! Naa [ BT < !
e.‘le{. Hiia e.‘le{. H}n

« &0 eigenvalues of Hamiltonian generated by image k.
« Selected modes have null or small real part.
» J represents the spectral resolution of the detection system.
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Results

* Once the cost function was minimized using the images of the
training set (about 24 hs on a 40 core cluster), M was used to

classify the images of the training and testing sets.

* Tasks: distinguish 0s and 1s (one-vs-one classifier) and

distinguish Os and any other digit (one-vs-all classifier).

One-vs-one One-vs-all

Resolution 5 1073 107! 107}

TP+TN)/total A revrrm s (0 Train 100 98.9 97.8

( ) Accuracy (%) Test 98.9 97.8 96.7

: Train 100 100 97.7
TP/predicted yes ‘ecisi 0%

P yes  Precision (%) Test 100 100 97.9

TP/actual yes Recall (%) Train 100 97.6 97.7

(fraction of Os ccall iz Test 98 96.1 95.8

correctly identified)

G. Tirabassi et al, APL Photonics 2022
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Role of noise in the input image

1.0 4 s —— One-vs-one (6 =1071)
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G. Tirabassi et al, APL Photonics 2022
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To perform experiments with a 2x2 nanolaser array

Iris dataset: 4 features

150 measurements
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Iris Versicolor Iris Setosa Iris Virginica
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Experiments

TO CHECK
THE PUMP
\ Mirror  SPectrometer 2 X2
PUMP cCD 4
SHAPER . ‘%’gbje e NANOCAVITY ARRAY
BS /100x, 0,95NA
4 e ible Pump laser
‘ g Lens Lens @800nm, 10MHz
PUMP INFO S A5

DMSP: short pass dichroic mirror

AOM: acousto-optic modulator PBS: polarizing beam splitter Cutoff @1180nm

Experimental results are comparable with (and
sometimes even better than) the simulation.

Kaiwen Ji, Giulio Tirabassi et al (in preparation)
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A more realistic model

dA , I+« ,
= W kK — 5 —— O (N —ng)| A+iK - A+ F(t)
il
dIN
2
CX — Py N — By (N — o)A
dt
Setosa  Versicolor — Virginica
0 Ky Ky O Accuracy Test 100% 92% 92%
K Ky 0 0 Ko Total  100% 97% 97%
YTk, 0 0 K F1 Test  100% 0% 6%
0 K, K; 0 Total  100% 95% 95%

Kaiwen Ji, Giulio Tirabassi et al (in preparation)
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Conclusions

= We have shown numerically that a nanolaser array can be
used to implement in hardware a photonic artificial neural
network able to classify low-dimensional data.

= Performance close to the state of the art (a perceptron or a
random forest can achieve nearly 100% accuracy).

Binary image classification using collective
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