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The computing power challenge
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= Scaling of energy efficiency in digital computing
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= Scaling of energy efficiency in digital computing
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A basic neural network

i
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= Vector-Matrix Multipliers
e
7073 ¢ : :
172 O Electronics Photonics
9%, D . . :
(55 53 (metal wiring) (waveguides)
X B 10
-l;‘ﬁ{o Higher energy consumption Lower energy consumption
e High loss Low losses
Narrow freq. bandwidth Wide freq. bandwidth
Sensitive to interference Lower sensitivity to interference

* Analog electronics for computing is also a very active research topic.

“small” NN but >400 connections/weights
# interconnectionsx ( # nodes)?
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Outline of this talk

i

* Integrated photonics for computing
— Building blocks and architectures

* A key challenge: programming the circuit
—Why is accurate programming important?
—Offline programming
—Online programming

e Conclusions




DTU
Building blocks for integrated photonic neural networks

i

/ Weights — Vector-matrix multipliers Nodes — activation functions
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B. Shastri et al., Nat. Phot. 2021  A. Tsakyridis, et al., APL Photonics 2024 SOA: Semiconductor optical amplifier
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Vector-matrix multipliers — MZI meshes

- Several configuration proposed
* Reck (triangular)

i _ » Clements (rectangular)
—O—— - « Universal generalized (UGMZI)
-1 O - « Diamond
_ _D_D B _ * Hexagonal mesh

- Coherent vs. incoherent operation

- MZIs can be replaced by MRRs

Tradeoffs between scalability (# couplers/phase shifters), path loss difference, circuit depth, tolerance to errors

M. Reck, et al. PRL 1994 W.R. Clements, et al., Optica 2016 D. Perez Lopez, et al., Nat. Comm. 2017 MZI: Mach-Zehnder interferometer
Y. Shen, et al., Nat Phot 2017 A. Tsakyridis, Adv. Phot. Res. 2022 R. Hamerly, PRA 2022 MRR: Microring resonator
K. R. Mojaver Opt. Expr. 2023  A. Cem, JLT 2023 MMI: Multimode interferometer
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Vector-matrix multipliers — Xbar arrays

- Several configuration proposed for the weighting elements

EEEEE * MRRs |
“O[ O (')| @) (;I * Phase-change materials
JEEEE « MZls and Phase shifters
Ol O O| Ol O P %ﬂ%p pre .
o099 9 AAAAF | |
Nz pZ s pve pve - Coherent vs. incoherent operation
el e i il Ko | o
| | | | L - Potential for matrix-matrix multiplication through WDM (and

WDM+FM) up-scaling

Potential scaling issues and very sensitive to phase-mismatch in the optical path.

Feldmann, et al. Nat. 2021 S. Ohno, ACS Phot. 2022 N. Youngblood, JSTQE 2022 B Dong et al, Nat Phot 2023 G. Giamougiannis JLT 2023
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Vector-matrix multipliers — Weight & Add

- WDM dimension used for multiplexing columns

- Mainly incoherent operation

L1
C_ w1
X2 () >
C S
C\ —
O
C

Potential scaling issues, matrix size is limited by the number of wavelengths.

B. Shastri et al., Nat. Phot. 2021 A.N. Tait et. al., JSSTQE 2016
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Vector-matrix multipliers — SOA banks

- WDM dimension used for multiplexing columns

WDM \

- Mainly incoherent operation

— LN
E .

- Allows for weights > 1

Single platform for linear and nonlinear operations and inherent signal amplification but
higher energy consumption and added noise

SOA: Semiconductor optical amplifier
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= Alternative photonic NN architectures

Reservoir computing Nonlinear propagation ( Diffractive networks

o |
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Learning on w,ow, oW, W, W |
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x
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aracterization
i Equipment
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70775 nm 770 775 om

Lo B. Rahmani, et al., Nanophotonics 2022 X.Li, etal, Science 2018 Classiier w/
CLASSIFIER L.G. Wright, et al., Nature 2022 Z. Chen, et al., Nat. Phot. 2023
| & o -
£ N = Spiking networks
T (n) " Xyin) mc;du'lzlmE

Spike leedback

K. Vandoorne, et al., Nat Comm 2014
D. Brunner, et al., Nat. Comm. 2013 - P
C. Mesaritakis, et al., Sci. Rep. 2016 8 : © E .
M. Borghi, et al., Sci. Rep.. 2021 | —

B.J. Giron Castro, et al., Opt. Expr. 2024

B. Romeira, et al., Neuromorph. Comput. Eng 2023
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Outline of this talk

i

* Integrated photonics for computing
— Building blocks and architectures

* A key challenge: programming the circuit
—Why is accurate programming important?
—Online programming
—Offline programming

e Conclusions
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Importance of programming accuracy

w — Wi
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Accuracy (%)

A. Cem, et al.,

From modelling error to task performance

MZIl mesh
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S.M. Buckley, et al., Nanophotonics 2023

Training photonic networks

pigital [ INSITU ViVs
; L . = Y

Tunable earnins 1= PLTL,I
Parameters T Monitors Rn’z 3
o .

°
I 1 T I T Y Y Y | ° d
___ /. //. I -
] —
: ' “ = FT C IDin,N

|||||||||||
Analog

On-line training
(in situ)

« Performed on the specific PIC
» Generally requires extra hardware

« lterative procedure (re-train - re-start)

Z. Thang, et al., Opt. Expr. 2019

S. Pai, et al., Science 2023

M. Milanizadeh, et al., JSTQE 2020
H. Zhang, et al., ACS Phot 2021

VK Digital [ IN SILICO
e ..\_ out.1 .» Model .
eee _POUt';Z ! Tunable
_. .o — : Parameters
- - ”/ //
— 0 @ Jout,N » E ] ¢
111 I 1111 I Analog

Off-line training
(in silico)

 Relies on an accurate/fast PIC model
» Allows for faster re-configurability

» Does not capture drifts

D. Pérez, et al., Nat. Commun 2017.
M. Fang, et al., Opt. Expr. 2019

S. Bandyopadhyay, et al., Optica 2021
A. Cem, et al., JLT 2023
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= In-situ training (l) ™ [ens]

Parameters Monitors

Iy

Calibration and hardware correction _

Analog
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— = = AR T ~ -
_ 2 12 2 _ XU _ h NN, _
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» Simple sequential procedure In-situ backpropagation B
* Many calibration measurements required and not easily "X
KOO

1 E  insitu backpropagation optical measurement protocol Po Po
accounting for cross-talk effects T =y, x—i(x) U :
. 1 - 2 - 3
p_’t ] Send input signal forward F p:aj Send error signal back P:,,:m 12 Send sum signal forward
4 Measure output signal N Measure adjoint signal I+ Measure gradient
D.A.B. M”er, Opt EXpr. 2013 ] Monitor powers N Monitor powers | via digital subtraction
S. Bandyopad hyay, et al., Optica 2021 input Teference output o e o
K.R. Mojaver, et al., Opt. Expr 2023 R Comera R Camers R Comers
and many more... Input laser %. \R Camcra %. Input laser %. Db sum
Generator Analyzer Generator Generator Analyzer

» Requires monitoring — on-chip or off-chip hardware
» Effective but scalable?

S. Pai, et al., Science 2023
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Digital IE INSITU

DTU

o
o
o

In-situ training (ll)

Gradient-approximation algorithms

(ns nd iny p t
aaaaaaaaa (2) Perform forward inference Targst
1 l s Physical system
¥ Man M ntput
G 1
'
(3) Calculate érror vector

5) Update parameters
i

U'I—LLF Estimated o
gradient

Differentiable digital model

O fmodel - HL'—lf -

(4) Backpropagate error vector

Current demonstration/algorithms are circuit-specific

L.G. Wright, et al. Nature 2022
A. Momeni, et al., arXiv 2304.11042 2023

06/02/2024

Forward-only algorithms

Trainable
r Optical

Laye
Normalization Transform

Output Layer
OM dness

o
Optimization - OQutput

Algorithms fine-tuned to the specific circuit

I. Oguz, Opt. Lett. 2023
E. Martin, et al., iScience 2021

Technical University of Denmark
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Learning

Tunable
Parameters

Monitors

Iy

Analog
Auxiliary training circuit
Forward Pass Error Backward Pass
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(b)

hk-1)

ak)

alk)

* On-chip training
Challenges in scaling up the circuit size

M. Filipovich, et al., Optica 2022
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In silico training
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Accurate physical models of the
building blocks exist.

O

T

D. Pérez, Nat. Commun 2017.

Tighter packing

50 100 150 200

Electrical Power (mW)
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pigital [ IN SILICO
» Model -
@ m Tunable
L1 Parameters
rI | I Y Y Y Y Y Y Y IO |
7 ¢ / // n
) - 2>
=N
Frrrrrrrtai IAnang

Packing MZI/MRR meshes tightly:

» Optical crosstalk — waveguide crossing

« Thermal crosstalk — thermal diffusion

« Electrical crosstalk — voltage delivery network

 Fabrication errors/tolerances

Are simple models accurate enough?

06/02/02024

Technical University of Denmark
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= Simple MZI mesh model H H

Loss Extinction ratio
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= MZI mesh model with crosstalk

Self & crosstalk

Vivp  »ec Vi 1 |VER—-1 ?
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J )
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—_ — 30/ o Experimental data
§N O Experimental data > = Model 1
40 | | === Model 1 -40 Model 2
0 0.5 1 1.5 2 0 0.5 1 1.5 2
V, V] v, [V]

A.Cem, etal.,, OFC 2022 S. Bandyopadhyay, et al., Optica 2021
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= Grey-box NN MZI mesh model

ViV cee Vi Input layer Hidden layers Output layer
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D. Zibar, et al., JLT 2019 M. H. Tahersima , et al., OFC 2019 A. Sensong , et al., ACS Photonics 2019
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= Experimental setup and 3x3 MZI mesh
PSD
15dB 0Sin  pc
ASE 1527 1563A[nm] I > g FAN
2 IN in e e L pout
"3 /\ /| Pz Yz f "z} F
s Gid)
g Pin_ e out
s |pAcp+PIC 2 " \MZI, MZI, MZIy 2
3
]
OSout g @ sz'n_ o pout
2 MZI, MZI, MZI, 3
OSA ! ﬂl v
Measurements:

1. Individually sweep one voltage [0, V_]

Dataset = { Voltages | Weights }
2. Randomly chosen voltages

ASE: amplified spontaneous emission
OS: optical switch
PC: polarization controller

Y Ding, et al., Sci Rep. 2016 DAC: digital analog converter
OSA: optical spectrum analyzer

06/02/02024 Technical University of Denmark Programming photonic hardware for computing 23
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= Performance comparison o
MSE = |+ > (wi — ;)"
RMS N ; (w; — w;)
R S 1 B B RMSE = 3.26 dB e Fitted model w/o crosstalk
Ll o (@ o) 1.5 @ Fitted model w/ crosstalk
® | earned grey-box model
w1 1§ o (v £ oa) | RMSE = 1.44 dB 0 //\‘
0.5
RMSE = 0.53 dB "\\~
0l—e—e —'4 O
-36-25-16 -9 -4 -1 0 1 4 9 16 25 36

Prediction error [dB]

Including thermal cross-talk improves performance but not as much as a grey-box ML model.
A.Cem, etal., JLT 2023
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1. FTDT analysis

Full model with thermal crosstalk

Pathway,
Monitar.
11, Power

101234 10 0.5 0.0

X (um)

Monitor Value (a.u.)

Z (um)

-10 0 10

X (um)
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2. 3D Thermal analysis

|

.
. =

2
7

1.0 05 0.0

Monitor Value (a.u.)

M. Orlandin, et al., NUDOS 2023

Technical University of Denmark

Temperature in the waveguides plane at y=0, Tmax =70.7°C
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60|
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Temperature, °C
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3. Comparison w/ measurements

ou

Pou/Pin (dB)

T T T ! !
Experiments

= = = Sim. (no crosstalk)
Sim. (with crosstalk)

|
|
I
|
|
-

-60 1 1 L L
MZI1 MZI2 MZI3 MZI4 MZI5S MZI6 MZI7 MZI8 MZI9

Fabrication errors, electrical
and optical crosstalk not
modelled
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= Modelling hexagonal MZI meshes ITRUINIL O
ASE OSA =i " or |
191.25 Frequency [THZ] 196.25

Power [dBm]

%549.75 1549.8 1549.85 1549.9 1549.95 1550 1550.05 1550.1 1550.15 1550.2 1550.25
Wavelength [nm]

Even for chips designed to minimize the impact of crosstalk, sensitive applications can be affected.

A. Cem, et al., IPC 2023

ASE: amplified spontaneous emission
OSA: optical spectrum analyzer
06/02/02024 Technical University of Denmark

Programming photonic hardware for computing



=
—]
—

= Fitted thermal diffusion model
&
£ 4/ | i
2 66
§ = E (a1€_a2di + asd; + a4) oy |
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Q T 1=1
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206 0 e .
©
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= Cross-talk compensation

-20 | I I I I

o5 — Initial spectrum —No compensation - - -Compensated

-30 - N

1R800

70 \ \ | \ \ | \ \ \
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Wavelength [nm]

Optical power [dBm]
N
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= Data scarcity — MZI meshes
6 « u 6 T T T T —
training training
5 * testing 5- * validation
L * testing
L
o 3l | o
5° 1L 5>
T | S
D 2 Q2
= = =
T 1 1
0 ‘ ‘ I ‘ I 0 I 1 [ 1 |
0 500 1000 1509 .2000 2.500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
Training set size Training set size
Simple Analytical Model with Thermal Crosstalk (SAM+XT) Neural Network Model (NN)

Simpler models are less accurate but more data-efficient to train

A. Cem et al., Opt. Lett. 2023
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Transfer learning for data-efficient modelling

B

1. Train simpler model
with experimental data

o

2. Generate synthetic

Testing RMSE [dB]
N
OCO1—=O1NDO1 LW O &~ O1

data | ==
150 T = =
3. Pre-train NN model i —-—
with synthetic data 0.5 -
4. Re-train NN model with N N Q) Q) Q) QO O\ Q)
. QO Q@ A A0 QO QD O, O
experimental data < 07 A0 Ny b Q0
RSN AN N L DN
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— Initial spectrum ---Compensation (same ring)

-25 —No compensation Compensation (other ring) N

Optical power [dBm]
A
a
[
st M'q

_70 | | | | | | | | |
1549.75 1549.8 1549.85 1549.9 1549.95 1550 1550.05 1550.1 1550.15 1550.2 1550.25

Wavelength [nm]

Can physics help in building more efficient/generalizable models?

I. Teofilovic JLT 2024 (in preparation)
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— Initial spectrum ---Compensation (same ring)
-25 —No compensation Compensation (other ring) N

Optical power [dBm]
A
a
[
st M'q

_70 | | | | | | | | |
1549.75 1549.8 1549.85 1549.9 1549.95 1550 1550.05 1550.1 1550.15 1550.2 1550.25

Wavelength [nm]

Use symmetry arguments to extend the model of a small part of the circuit

I. Teofilovic JLT 2024 (in preparation)

06/02/02024 Technical University of Denmark Programming photonic hardware for computing
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Physical knowledge allows models to generalize (e.g. by extrapolating).
I. Teofilovic Frontiers 2024 (in preparation)
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= Hardware-aware modelling/training

RF/DAC DC/DAC ADC

Trainable Photonic Weight Array

W

Optical Modulation

v
@ X

Optical Source

o

Previous
Layer | Optical Detection

:-> Next Layer

Dy

D Digital Inputs Normalize Reduce Precision Noise Attenuation + Noise Normalize Reduce Precision Digital Outputs
1 1 11 - 1 - 1 1 | 1 - 11
= = = T ] - - = -l == 1
=] 3 =3 — 3 ~— 3 s = bad =1 i >
g o0 go g o —_ 2o — 8o ey 2 o4 sy 20 Bty & o
| 3 pe | _— = — =3 e o s a3 p— ]
o o o —_— [s] — o - o oo o — o
. H -1 -1 -11= -1 -1 -11% —14= -1
M. Moralis-Pegios, et al., JLT 2022
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 [ 1 -1 0 1 -1 ] 1
Input Input Input Input Input Input Input Input
~—_7° ~— S—2r S~—F ~—7 N7 ~—F
numerical to analog  digital-to-analog E/O conversion optical MVM + analog signal to analog-to-digital to activation
signal mapping conversion O/E conversion numerical mapping conversion layer

V. Shah, N. Youngblood, APL Mach. Learn. 2023

Include a physically-informed description of the photonic NN during training improves inference.
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Conclusions

i

Accurate training of photonic circuit is
necessary to guarantee task performance

In-situ and in-silico approaches provided
a plethora of specific methods but with
significant trade-offs required by every method

No one-fits-all solution yet but lots of interesting directions

General shift towards physics-informed modelling and online
algorithms tuned for photonics circuits
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* In-situ and in-silico approaches provided
a plethora of specific methods but with
significant trade-offs required by every method

* No one-fits-all solution yet but lots of interesting directions
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