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How it all began

• Neural networks are not a new idea

• Learning / training ideas already 6 years later
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Neural network: what for?

Sci-Hub: Marie Curie? Postman: Cat /Dog ?

?𝑓[𝑢(𝑛)]
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Neural Networks
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NNs and photonics

© Ramón y Cajal
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The interconnect

• Curse (for electronics) and blessing (maybe for photonics)

o E = CV2

o Scaling: C ∝
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o Only log. Ratio, linear in length

d a
Electronics

o No capacities, no induction, low 

loss propagation

o But: much larger feature sizes

Photonics

Li et al., Nature NT 

12, 675 (2017).
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Relevance of NN hardware:
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Some context: ‘slow’ brain is very fast

© Simon Thorpe, ANR project ANACONDA

o Human eye: >500 M image sensors

 You are capable to infer several times a second
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Energy and speed: ultimate benchmark

o Neuronal response time ~10 ms

o ~10 (hierarchical) regions involved

+ Optical propagation along nerve 

o Reaction time: 200 to 400 ms

o Brain operates at bandwidth of ‘components’

o Parallelism

By Bilz0r - Wikipedia

Barragan-Jason, Frontiers in psychology 3, 454 (2012).

Khani, Journal of Neurophysiology 116, 724 (2016).

Decision making
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Energy and speed: ultimate benchmark

o Basic brain facts

o Brain: majority of energy by action potential & potentiation

Lennie, Current Biology 13, 493 (2003).

o Spiking, Signal:>90 %

o Cortex: 44 % of E/Brain

o Negligible emulation overhead

o The way to 20 W

neuron cortex

Whole brain

Whole body
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Architecture and energy consumption

© Hussein Nur

≠

© Ramón y Cajal

o Silicon: ~1012 Ops/W

o Brain: ~1014 Ops/W

But:

o MAC: ~1 pJ

o Synaptic event: ~5 fJ

 Operation ≠ ‘Operation’
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1. 3D connections: scalable

• Neurons: 2D

• Connections: 3D

2. Fractal branching

• Space/resource efficient

• Efficient transport

How does the brain do it?

Human Connectome project Human Connectome project

14

Dinc, Psaltis, Brunner, Photoniques 104,  34 (2020).
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Rooting N inputs to N outputs
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Rooting N inputs to N outputs

Fractal branching

• 𝐶 = 𝑏2𝑙, 𝑏: bifurcations, 𝑙: layers

• Exponential scaling (good)

• Straight connections: intersections

• Chirality removes ‘shorts’

• Scale free: ‘unit cell’ design approach

Moughames, et al., Optica 7,  640 (2020).
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3D long-range connected network:

3D printing: 2 photon polymerization (Nanoscribe)

Waveguides: 1.2 µm diameter, 20 µm pitch 

Lindenmann, et al., Opt. Express 20, 17667 (2019).

Moughames, et al., Optica 7,  640 (2020).
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3D long-range connected network:

Losses:

• 1x9: 5.5 dB

• 1x81: 10.6 dB

Causes:

• Inj.: 2.71 dB

• Prop.: 1.14 dB

• Coupl.: 1.67 dB

3D printing: 2 photon polymerization (Nanoscribe)

Waveguides: 1.2 µm diameter, 20 µm pitch Lindenmann, et al., Opt. Express 20, 17667 (2019).

Moughames, et al., Optica 7,  640 (2020).
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First functionality: ‘Gabor’ filters

Moughames, et al., arXiv:1912.08203 (2019).
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3D Spatial filters (convolutional NN):

Moughames, et al., Optica 7,  640 (2020).
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Array of Haar filters:

Moughames, et al., Optica 7,  640 (2020).
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NN breakthrough: long term effort

Liu et al., Laser and Photonics Reviews 9, 172 (2015).

Heuser, et al., J. Appl. Phys 3, 116103 (2018).

Photonic neuronsParallel networks

Hardware-motivated learning Noise

Semenova , et al., Chaos 29, 103128 (2015).Bueno, et al., Optica 5, 756 (2015).

Moughames, et al., arXiv:1912.08203 (2019).
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Summary

• Physical substrates: topology inspiration from Brain

• Address hardware-motivated learning challenge

• Next:
• Address hardware-motivated learning challenge

• application “advantage”

Conference @ SPIE Optics and Photonics – most likely virtual

2021


