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OPTOELECTRONIC COMPUTING SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application 62/680,944, filed
on June 5, 2018, U.S. Provisional Application 62/744,706, filed on October 12, 2018, U.S.
Provisional Application 62/792.144, filed on January 14, 2019, and U.S. Provisional
Application 62/820,562, filed on March 19, 2019, The entire disclosures of the above

applications are hereby incorporated by reference.

TECHNICAL FIELD

[0002]  This disclosure relates to optoelectronic computing svstems.

BACKGROUND
[0003] Neuromorphic computing 1s an approach of approximating the operation of a brain
in the electronic domain. A promunent approach to neuromorphic computing is an artificial
neural network ( ANN), which is a collection of artificial neurons that are interconnected in
spectfic ways to process information in a way similar to how a brain functions. ANNs have
found uses in a wide range of applications including artificial intelligence, speech
recognition, text recognition, natural language processing, and various forms of pattern
recognition,
{0004]  An ANN has an input layer, one or more hidden layers, and an output layer. Each
of the layers have nodes, or artificial neurons, and the nodes are interconnected between the
lavers. Each node of the ludden layers performs a weighted sum of the signals recerved from
nodes of a previous layer, and performs a nonlimear transformation (“activation”) of the
weighted sum (o generate an output. The weighted sum can be calculated by performing a
matrix multiplication step. As such, computing an ANN typically involves multiple matrix
multiplication steps, which are typically performed using electronic integrated circuits.
{06005]  Computation performed on electronic data, encoded in analog or digital form on
electrical signals {e.g., voltage or current}, is typically implemented using electronic
computing hardware, such as analog or digital electronics implemented in integrated circuits
{(e.g., a processor, application-specific integrated circuit (ASIC), or a system on a chip

{SoCy), electronic circuit boards, or other electronic circuitry. Optical signals have been used
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for transporting data, over long distances, and over shorter distances (e.g., within data
centers). Operations performed on such optical signals often take place in the context of
optical data transport, such as within devices that are used for switching or filtering optical
signals in a network. Use of optical signals in computing platforms has been more limited.
Various components and systems for all-optical computing have been proposed. Such
systems may include conversion from and to electrical signals at the input and output,
respectively, but may not use both types of signals (electrical and optical) for significant

operations that are performed in computations.

SUMMARY
[0006]  In general, in an embodiment, a system includes: a memory unit configured to
store a dataset and a plurality of neural network weights; a digital-to-analog converter (DAC)
unit configured to generate a plurality of modulator control signals and to generate a plurality
of weight control signals; an optical processor including: a laser unit configured to generate a
plurality of light outputs; a plurality of optical modulators coupled to the laser unit and the
DAC unit, the plurality of optical modulators being configured to generate an optical input
vector by modulating the plurality of light outputs generated by the laser unit based on the
plurality of modulator control signals; an optical matrix multiplication unit coupled to the
plurality of optical modulators and the DAC unit, the optical matrix multiplication unit being
configured to transform the optical input vector into an optical output vector based on the
plurality of weight control signals; and a photodetection unit coupled to the optical matrix
multiplication unit and configured to generate a plurality of output voltages corresponding to
the optical output vector; an analog-to-digital conversion (ADC) unit coupled to the
photodetection unit and configured to convert the plurality of output voltages into a plurality
of digitized optical outputs; a controller including integrated circuitry configured to perform
operations including: receiving, from a computer, an artificial neural network computation
request including an input dataset and a first plurality of neural network weights, wherein the
input dataset includes a first digital input vector; storing, in the memory unit, the input
dataset and the first plurality of neural network weights; and generating, through the DAC
unit, a first plurality of modulator control signals based on the first digital input vector and a

first plurality of weight control signals based on the first plurality of neural network weights.
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[0007] Embodiments of the system can include one or more of the following features. For
example, the operations can further include: obtaining, from the ADC unit, a first plurality of
digitized optical outputs corresponding to the optical output vector of the optical matrix
multiplication unit, the first plurality of digitized optical outputs forming a first digital output
vector; performing a nonlinear transformation on the first digital output vector to generate a
first transformed digital output vector; and storing, 1in the memory unit, the first transformed
digital output vector.

[0008]  The system can have a first loop period defined as a time elapsed between the step
of storing, 1in the memory unit, the input dataset and the first plurality of neural network
weights, and the step of storing, in the memory unit, the first transformed digital output
vector. The first loop period can be less than or equal to 1 ns.

[0009]  In some implementations, operations can further mnclude: outputting an artificial
neural network output generated based on the first transformed digital output vector.

[0016]  In some implementations, the operations can further include: generating, through
the DAC unit, a second plurality of modulator control signals based on the first transformed
digital output vector.

[0011]  In some implementations, the artificial neural network computation request can
further include a second plurality of neural network weights, and the operations can further
meclude: based on the obtaining of the first plurality of digitized optical outputs, generating,
through the DAC unit, a second plurality of weight control signals based on the second
plurality of neural network weights. The first and second plurahiies of neural nstwork
weights can correspond to different layers of an artificial neural network.

{0012]  In some implementations, the input dataset can further include a second digital
mput vector, and the operations can further include; generating, through the DAC unit, a
second plurality of modulator control signals based on the second digital input vector;
obtaining, from the ADC unit, a second plurality of digitized optical outputs corresponding to
the optical output vector of the optical matrix multiphication umit, the second phurality of
digitized optical outputs forming a second digital output vector, performing a nonlinear
transformation on the second digital output vector to generate a second transformed digital
output vector; storing, i the memory unit, the second transformed digital output vector; and

outputting an artificial neural network output generated based on the first transformed digital



25

30

WO 2019/236591 PCT/US2019/035403

output vector and the second transformed digital output vector. The optical output vector of
the optical matrix multiplication unit results from a second optical input vector generated
based on the second plurality of modulator control signals that is transformed by the optical
matrix multiplication unit based on the first-mentioned plurality of weight control signals.
[0013]  in some implementations, the system can further include; an analog nonlinearity
unit arranged between the photodetection unit and the ADC umit, the analog nonlineanity unit
being configured to recetve the plurality of output voltages from the photodetection unit,
apply a nonlinear transfer function, and output a plurality of transformed output voltages to
the ADC unit, and the operations further include: obtaining, from the ADC unit, a first
plurality of transformed digitized output voltages corresponding to the plurality of
transformed output voltages, first plurality of transformed digitized output voltages forming a
first transformed digital output vector; and storing, in the memory unit, the first transformed
digital output vector.

[0C14]  In some implementations, the integrated circuitry of the controller can be
configured to generate the first plurality of modulator control signals at a rate greater than or
equal to 8 GHz.

[0015]  In some implementations, the system can further include: an analog memory unit
arranged between the DAC unit and the plurality of optical modulators, the analog memory
unit being configured to store analog voltages and to output the stored analog voltages; and
an analog nonlinearity unit arranged between the photodetection unit and the ADC unit, the
analog nonlinearity unit being configured to recetve the plurality of cutput voltages from the
photodetection unit, apply a nonlingar transfer function, and output a plurality of transformed
output voltages. The analog memory unit can nclude a plurality of capacitors.

[0016]  In some implementations, the analog memory unit can be configured to receive
and store the plurality of transformed cutput voliages of the analog nonlinearity unit, and to
output the stored plurahity of transformed output voltages to the plurality of optical
modulators, and the operations can further include: based on generating the first plurality of
modulator control signals and the first plurality of weight control signals, storing, in the
analog memory unit, the plurality of transformed output voltages of the analog nonlinearity
unit; outputting, through the analog memory unit, the stored transformed cutput voltages;

obtaining, from the ADC untt, a second plurality of transformed digitized output voltages, the



25

30

WO 2019/236591 PCT/US2019/035403

second plurality of transformed digitized output voltages forming a second transformed
digital cutput vector; and storing, i the memory unit, the second transformed digital output
vector.

{00171  In some implementations, the input dataset of the artificial neural network
computation request can include a plurality of digital input vectors. The laser unit can be
configured to generate a plurality of wavelengths. The plurality of optical modulators can
melude: banks of optical modulators configured to generate a plurality of optical mput
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generating a respective optical input vector having a respective wavelength; and an optical
multiplexer configured to combine the plurality of optical input vectors into a combined
optical input vector including the plurality of wavelengths. The photodetection unit can be
further configured to demultiplex the plurality of wavelengths and to generate a plurality of
demultiplexed output voltages. The operations can include: obtamning, from the ADC unit, a
plurality of digitized demultiplexed optical outputs, the plurality of digitized demultiplexed
optical outputs forming a plurality of first digital output vectors, wherein each of the plurality
of first digital output vectors corresponds to one of the plurality of wavelengths; performing a
nonlinear transformation on each of the plurality of first digital output vectors to generate a
plurality of transformed first digital output vectors; and storing, in the memory unit, the
plorality of transformed first digital output vectors. Hach of the plurality of digital input
vectors can correspond to one of the plurality of optical input vectors.

[0018]  In some implementations, the artificial neural network computation request can
inclade a plarality of digital input vectors. The laser unit can be configured to generate a
plorality of wavelengths. The plurality of optical modulators can include: banks of optical
modulators configured to generate a phurality of optical input vectors, each of the banks
corresponding to one of the plurality of wavelengths and generating a respective optical input
vector having a respeciive wavelength; and an optical multiplexer configured to combine the
plurality of optical input vectors into a combined optical input vector including the plurality
of wavelengths. The operations can include: obtaining, from the ADC unit, a first plurality
of digitized optical outputs corresponding to the optical sutput vector including the plurality
of wavelengths, the first plurality of digitized optical outputs forming a first digital output

vector; performing a nonlinear transformation on the first digital cutput vector to generate a
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first transformed digital output vector; and storing, in the memory unit, the first transformed
digital output vector.

{00191  In some implementations, the DAC unit can include: a 1-bit DAC subunit
configured to generate a plurality of 1-bit modulator control signals. A resolution of the
ADC unit can be 1 bit. A resolution of the first digital input vector can be N bits. The
operations can mclude: decomposing the first digital input vector into N 1-bit mput vectors,
each of the N 1-bit input vectors corresponding to one of the N bits of the first digital input
vector; generating, through the 1-bit DAC subunit, a sequence of N 1-bit modulator control
signals corresponding to the N 1-bit input vectors; obtaining, from the ADC unit, a sequence
of N digitized 1-bit optical outputs corresponding to the sequence of the N 1-bit modulator
control signals; constructing an N-bit digital output vector from the sequence of the N
digitized 1-bit optical outputs; performing a nonlinear transformation on the constructed N-
bt digital output vector to generate a transformed N-bit digital output vector; and storing, in
the memory umt, the transformed N-bit digital output vector,

[0020]  Insome implementations, the memory unit can include: a digital input vector
memory configured to store the digital input vector and including at least one SRAM; and a
neural network weights memory configured to store the plurality of neural network weights
and mcluding at least one DRAM.

[0021]  In some implementations, the DAC umit can include: a first DAC subunit
configured to generate the plurality of modulator control signals; and a second DAC subumit
configured to generate the plurality of weight control signals, wherein the first and second
DAC subunits are different.

{0022]  In some implementations, the laser unit can include: a laser source configured to
generate light; and an optical power sphiter configured to split the light generated by the
laser source into the plurality of light outputs, wherein each of the plurality of light outpuis
have substantially equal powers.

{0023]  In some implementations, the plurality of optical modulators can inchude one of
MZI modulators, ring resonator modulators, or electro-absorption modulators.

[0024]  In some implementations, the photodetection unit can include: a plurality of
photodetectors; and a plurality of amplifiers configured to convert photocurrents generated

by the photodetectors into the plurality of output voltages.
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[0025] Insome implementations, the integrated circuitry can be an application specific
integrated circuit.

[0026]  In some implementations, the optical matrix multiplication unit can include: an
array of input waveguides to receive the optical input vector; an optical interference unit, in
optical communication with the array of input waveguides, to perform a linear transformation
of the optical input vector into a second array of optical signals; and an array of output
waveguides, in optical communication with the optical interference unit, to guide the second
array of optical signals, wherein at least one input waveguide in the array of input
waveguides is in optical communication with each output waveguide in the array of output
waveguides via the optical interference unit.

[0027]  In some implementations, the optical interference unit can include: a plurality of
interconnected Mach-Zehnder interferometers (MZIs), each MZI in the plurality of
interconnected MZIs including: a first phase shifter configured to change a splitting ratio of
the MZI; and a second phase shifter configured to shift a phase of one output of the MZI,
wherein the first phase shifters and the second phase shifters are coupled to the plurality of
weight control signals.

[0028]  In another embodiment, a system includes: a memory unit configured to store a
dataset and a plurality of neural network weights; a driver unit configured to generate a
plurality of modulator control signals and to generate a plurality of weight control signals; an
optical processor including: a laser unit configured to generate a plurality of light outputs; a
plurality of optical modulators coupled to the laser unit and the driver unit, the plurality of
optical modulators being configured to generate an optical input vector by modulating the
plurality of light outputs generated by the laser unit based on the plurality of modulator
control signals; an optical matrix multiplication unit coupled to the plurality of optical
modulators and the driver unit, the optical matrix multiplication unit being configured to
transform the optical input vector into an optical output vector based on the plurality of
weight control signals; and a photodetection unit coupled to the optical matrix multiplication
unit and configured to generate a plurality of output voltages corresponding to the optical
output vector; a comparator unit coupled to the photodetection unit and configured to convert

the plurality of output voltages into a plurality of digitized 1-bit optical outputs; and a
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computer, an artificial neural network computation request including an input dataset and a
first plurality of neural network weights, wherein the input dataset includes a first digital
input vector having a resolution of N bits; storing, in the memory unit, the input dataset and
the first plurality of neural network weights; decomposing the first digital input vector into N
1-bit input vectors, each of the N 1-bit input vectors corresponding to one of the N bits of the
first digital input vector; generating, through the driver unit, a sequence of N 1-bit modulator
control signals corresponding to the N 1-bit input vectors; obtaining, from the comparator
unit, a sequence of N digitized 1-bit optical outputs corresponding to the sequence of the N
1-bit modulator control signals; constructing an N-bit digital output vector from the sequence
of the N digitized 1-bit optical outputs; performing a nonlinear transformation on the
constructed N-bit digital output vector to generate a transformed N-bit digital output vector;
and storing, in the memory unit, the transformed N-bit digital output vector.

[0029]  In another embodiment, a method for performing artificial neural network
computations in a system having an optical matrix multiplication unit configured to
transform an optical input vector into an optical output vector based on a plurality of weight
control signals include: receiving, from a computer, an artificial neural network computation
request including an input dataset and a first plurality of neural network weights, wherein the
input dataset includes a first digital input vector; storing, in a memory unit, the input dataset
and the first plurality of neural network weights; generating, through a digital-to-analog
converter (DAC) unit, a first plurality of modulator control signals based on the first digital
input vector and a first plurality of weight control signals based on the first plurality of neural
network weights; obtaining, from an analog-to-digital conversion (ADC) unit, a first plurality
of digitized optical outputs corresponding to an optical output vector of the optical matrix
multiplication unit, the first plurality of digitized optical outputs forming a first digital output
vector; performing, by a controller, a nonlinear transformation on the first digital output
vector to generate a first transformed digital output vector; storing, in the memory unit, the
first transformed digital output vector; and outputting, by the controller, an artificial neural
network output generated based on the first transformed digital output vector.

[0030]  In another embodiment, a method includes: providing input information in an

electronic format; converting at least a part of the electronic input information into an optical



8a

input vector; optically transforming the optical input vector into an optical output vector
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an optical matrix multiplication; converting the optical output vector into an electronic
format; and electronically applying a non-linear transformation to the electronically
converted optical output vector to provide output information in an electronic format.

[0031] Embodiments of the method can include one or more of the following features.
For example, the method can further include: repeating the electronic-to-optical converting,
the optical transforming, the optical-to-electronic converting, and the electronically applied
non-linear transforming with respect to new electronic input information corresponding to
the provided output information in electronic format.

[0032] Insome implementations, the optical matrix multiplication for the initial optical
transforming and the optical matrix multiplication of the repeated optical transforming can be
the same and can correspond to the same layer of an artificial neural network.

[0033] Insome implementations, the optical matrix multiplication for the initial optical
transforming and the optical matrix multiplication of the repeated optical transforming can be
different and can correspond to different layers of an artificial neural network.

[0034] In some implementations, the method can further include: repeating the electronic-
to-optical converting, the optical transforming, the optical-to-electronic converting, and the
electronically applied non-linear transforming with respect to a different part of the electronic
input information, wherein the optical matrix multiplication for the initial optical
transforming and the optical matrix multiplication of the repeated optical transforming are
the same and correspond to a first layer of an artificial neural network.

[0035] In some implementations, the method can further include: providing intermediate
information in an electronic format based on the electronic output information produced for
the multiple parts of the electronic input information by the first layer of the artificial neural
network; and repeating the electronic-to-optical converting, the optical transforming, the
optical-to-electronic converting, and the electronically applied non-linear transforming with
respect to each of different parts of the electronic intermediate information, wherein the
optical matrix multiplication for the initial optical transforming and the optical matrix
multiplication of the repeated optical transforming related to the different parts of the
electronic intermediate information are the same and correspond to a second layer of the
artificial neural network.

[0036] In another embodiment, a system includes: an optical processor including passive
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diffractive optical elements, in which the passive diffractive optical elements are configured
to transform an optical input vector or matrix to an optical output vector or matrix that
represenis a result of a matrix processing applied to the optical input vector or matrix and a
predetermined vector defined by the arrangement of the diffractive optical elements.

{00371 Embodiments of the system can include one or more of the following features. For
example, the matrix processing can include a matrix multiplication between the optical input
vector or matrix and the predetermined vector defined by the arrangement of the diffractive
optical elements.

[0038]  Insome implementations, the optical processor can include an optical matrix
processing unit that includes: an array of input waveguides to receive the optical mput vector,
an optical mterference unit comprising the passive diffractive optical elements, in which the
optical interference unit is in optical communication with the array of input waveguides and
configured to perform a linear transformation of the optical mput vector into a second array
of optical signals; and an array of output wavegwdes, in optical communication with the
optical interference unit, to guide the second array of optical signals, wherein at least one
mput wavegwide in the array of mput waveguides i1s in optical communication with each
ouiput waveguide i the array of output waveguides via the optical mterference unit.

[0039]  In some implementations, the optical mterference unit can include a substrate
having at least one of holes or stripes, the holes have dimensions in a range from 100 nm to
10 pm, and the widths of the stripes are in a range from 100 nm o 10 pm.

[0040]  In some implementations, the optical interference unit can include a substrate
having the passive diffractive optical elements that are arranged in a two-dimensional
configuration, and the substrate comprises at least one of a planar substrate or a curved
substrate.

{0041]  In some implementations, the substrate can include a planar substrate that i
parallel to a direction of light propagation from the array of input wavegudes to the array of
output waveguides.

{00421  Insome implementations, the optical processor can inchide an optical matrix
processing unit that includes: a matrix of input waveguides to recetve the optical input
matrix, an optical interference unit comprising the passive diffractive optical elements, in

which the optical interference unit i1s in optical communication with the matrix of input
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waveguides and configured to perform a linear transformation of the optical input matrix into
a second matrix of optical signals; and a matrix of output waveguides, in optical
communication with the optical interference unit, to guide the second matrix of optical
signals, wherein at least one mput waveguide in the matrix of input waveguides is in optical
comumunication with each output waveguide in the matrix of output waveguides via the
optical interference unit,

[0043]  In some implementations, the optical interference unit can include a substrate
having at least one of holes or stripes, the holes have dimensions in a range from 100 nm to
10 um, and the widths of the stripes are in a range from 100 nm to 10 pm.

[0044]  In some implementations, the optical interference unit can include a substrate
having the passive diffractive optical elements that are arranged in a three-dimensional
configuration.

[0045]  In some implementations, the substrate can have the shape of at least one of a
cube, a column, a prism, or an irregular volume,

[0046]  In some implementations, the optical processor can mnclude an optical interference
unit that includes a hologram that has the passive diffractive optical elements, the optical
processor 18 configured to receive modulated light representing the optical input matrix and
continuously transform the light as the hight passes through the hologram until the Light
emerges from the hologram as the optical output matrix.

[0047]  Insome implementations, the optical mterference unit can include a substrate
having the passive diffractive optical elements, and the substrate comprises at least one of
silicon, siticon oxide, silicon nitride, quartz, lithium niobate, a phase-change material, or a
polymer.

[0048]  In some implementations, the optical interference unit can inciude a substrate
having the passive diffractive optical elements, and the substrate comprises at least one of a
glass subsirate or an acrylic substrate.

[0049]  In some implementations, the passive diffractive optical elements can be partly
formed by dopanis.

{0050]  In some implementations, the matrix processing can represent processing of input
data represented by the optical input vector by a neural network.

{00511  In some implementations, the optical processor can mclude: a laser unit configured
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to generate a plurality of hight outputs, a plurality of optical modulators coupled to the laser
unit and configured to generate the optical input vector by modulating the plurality of light
outputs generated by the laser unit based on a plurality of modulator control signals, an
opiical matrix processing unit coupled to the plurality of optical modulators, the optical
matrix processing unitf comprising passitve diffractive optical elements that are configured fo
transform the optical input vector into an optical output vector based on a plurality of weights
defined by the passive diffractive optical elements; and a photodetection unit coupled to the
optical matrix processing unit and configured o generate a plurality of output electric signals
corresponding to the optical output vector.

[0052]  In some implementations, the passive diffractive optical elements can be arranged
in a three-dimensional configuration, the plurality of optical modulators comprise a two-
dimensional array of optical modulators, and the photodetection unit comprises a two-
dimensional array of photodetectors.

{00531  In some implementations, the optical matrix processing unit can include a housing
module to support and protect the array of input waveguides, the optical interference unit,
and the array of output waveguides, and the optical processor comprises a receiving module
configured to receive the optical matnx processing unit, the receiving module comprising a
first mterface ¢ enable the optical matrix processing unit to receive the optical input vector
from the plurality of optical modulators, and a second interface to enable the optical matrix
processing unit to transmit the optical output vector to the photodetection unit.

[0054] In some implementations, the plurality of output electric signals can include at
least one of a plurality of voltage signals or a plurality of current signals,

{0055] In some implementations, the system can mclude: a memory unit; a digital-to-
analog converter (DAC) unit configured to generate the plurality of modulator control
signals; an analog-to-digital conversion (ADC) unit coupled to the photodetection unit and
configured to convert the plurality of ouiput electric signals into a plurality of digitized
outputs; and a controller including integrated circuitry configured to perform operations
meluding: receiving, from a computer, an artificial neural network compuiation request
comprising an input dataset, in which the input dataset comprises a first digital input vector;
storing, in the memory unit, the input dataset; and generating, through the DAC unit, a first

plurality of modulator control signals based on the first digital input vector.
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[0056]  In another embodiment, a method includes: 3D printing an optical matrix
processing unit comprising passive diffractive optical elements, in which the passive
diffractive optical elements are configured to transform an optical input vector or matrix to
an optical output vector or matrix that represents a result of a matrix processing applied to an
optical input vector or matrix and a predetermined vector defined by the arrangement of the
diffractive optical elements.

[0057]  In another embodiment, a method include: generating, using one or more laser
beams, a hologram comprising passive diffractive optical elements, in which the passive
diffractive optical elements are configured to transform an optical input vector or matrix to
an optical output vector or matrix that represents a result of a matrix processing applied to an
optical input vector or matrix and a predetermined vector defined by the arrangement of the
diffractive optical elements.

[0058]  In another embodiment, a system includes: an optical processor comprising
passive diffractive optical elements arranged in a one-dimensional manner, in which the
passive diffractive optical elements are configured to transform an optical input to an optical
output that represents a result of a matrix processing applied to the optical input and a
predetermined vector defined by the arrangement of the diffractive optical elements.

[0059] Implementations of the system can include one or more of the following features.
For example, the matrix processing can include a matrix multiplication between the optical
input and the predetermined vector defined by the arrangement of the diffractive optical
elements.

[0060] In some implementations, the optical processor can include an optical matrix
processing unit that includes: an input waveguide to receive the optical input, an optical
interference unit comprising the passive diffractive optical elements, in which the optical
interference unit is in optical communication with the input waveguide and configured to
perform a linear transformation of the optical input; and an output waveguide, in optical
communication with the optical interference unit, to guide the optical output.

[0061]  Insome implementations, the optical interference unit can include a substrate
having at least one of holes or gratings, and the holes or grating elements can have
dimensions in a range from 100 nm to 10 um.

[0062]  In another embodiment, a system includes: a memory unit; a digital-to-analog
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(DAC) unit configured to generate a plurality of modulator control signals; and an optical
processor including: a laser unit configured to generate a plurality of light outputs; a plurality
of optical modulators coupled to the laser unit and the DAC unit, the plurality of optical
modulators being configured to generate an optical input vector by modulating the plurality
of light outputs generated by the laser unit based on the plurality of modulator control
signals; an optical matrix processing unit coupled to the plurality of optical modulators, the
optical matrix processing unit comprising passive diffractive optical elements that are
configured to transform the optical input vector into an optical output vector based ona
plurality of weights defined by the passive diffractive optical elements; and a photodetection
unit coupled to the optical matrix processing unit and configured to generate a plurality of
output electric signals corresponding to the optical output vector. The system further
mcludes: an analog-to-digital conversion {ADC) unit coupled to the photodetection unit and
configured to convert the plurality of cutput electric signals into a plurality of digitized
optical outputs; and a controller including integrated circuitry configured to perform
operations including: receiving, from a computer, an artificial neural network computation
request comprising an input dataset, wherein the input dataset comprises a first digital input
vector; storing, i the memory unit, the mput dataset; and generating, through the DAC unit,
a first plurahity of modulator control signals based on the first digital input vector.

[0063]  Embodiments of the system can incluade one or more of the following features. For
example, the matrix processing unit can include passive diffractive optical elements that are
configured to transform the optical input vector into an optical output vector that represents a
product of 3 matrix multiplication between the digital input vector and a predetermined
vector defined by the passive diffractive optical elements,

[0064]  Insome implementations, the operations further include: obtaining, from the ADC
unit, a first plurality of digitized optical outputs corresponding to the optical output vector of
the optical matrix processing unii, the first plurality of digitized optical outputs forming a
first digital output vector; performing a nonlinear transformation on the first digital output
vector to generate a first transformed digital output vector, and storing, in the memory unit,
the first transformed digital output vector.

{00651  In some implementations, the system can have a first loop period defined as a time

elapsed between the step of storing, in the memory unit, the input dataset, and the step of
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storing, in the memory unit, the first transformed digital output vector, and wherein the first
loop period can be less than or equal to 1 ns.

[0066]  In some implementations, the operations can further include: outputting an
artificial neural network output generated based on the first transformed digital output vector,
{00671  Insome implementations, the operations can further include: generating, through
the DAC unit, a second plurality of modulator conirol signals based on the first transforme
digital output vector.

[0068]  In some implementations, the input dataset can further include a second digital
mput vector, and wherein the operations can further include: generating, through the DAC
unit, a second plurality of modulator control signals based on the second digital input vector
obtaining, from the ADC unit, a second plurality of digitized optical outputs corresponding to
the optical output vector of the optical matrix processing unit, the second plurality of
digitized optical outputs forming a second digital output vector; performing a nonlinear
transtormation on the second digital output vector to generate a second transformed digital
output vector; storing, m the memory umt, the second transformed digital output vector, and
outputting an artificial neural network output generated based on the first transformed digital
ouiput vector and the second transformed digital output vector, wherein the optical output
vector of the optical matrix processing unit results from a second optical input vector
generated based on the second plurality of modulator control signals that 1s transformed by
the optical matrix processing unit based on the plurality of weights defined by the passive
diffractive optical elements.

[0069]  Insome implementations, the system can further include: an analog nonlinearity
unit arranged between the photodetection unit and the ADC unit, the analog nonlinearity unit
being configured to receive the plurality of output electric signals from the photodetection
unit, apply a nonhinear transfer function, and ocutput a plurality of transformed output electric
signals to the ADC unit, wherein the operations can further include: obtaining, from the ADC
unit, a first plurality of transformed digitized cutput electric signals corresponding to the
plurality of transformed output electric signals, the first plurality of transformed digitized
output electric signals forming a first transformed digital output vector; and storing, in the
memory unit, the first transformed digital output vector.

{00701  In some unplementations, the integrated circuttry of the controller can be
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configured to generate the first plurality of modulator control signals at a rate greater than or
equal to 8 GHz.

{00711  Insome implementations, the system can further include: an analog memory untt
arranged between the DAC unit and the plurality of optical modulators, the analog memory
unit being configured to store analog voltages and to output the stored analog voltages; and
an analog nonlinearity unit arranged between the photodetection unit and the ADC unit, the
analog nonlinearity unit being configured to receive the plurality of output electric signals
from the photodetection unit, apply a nonlinear transfer function, and output a plurality of
transformed output electric signals,

[0072]  In some implementations, the analog memory unit can include a plurality of
capacitors.

[0073]  In some implementations, the analog memory unit can be configured to receive
and store the plurality of transformed output electric signals of the analog nonlinearity unit,
and to output the stored plurality of transformed output electric signals to the plurality of
optical modulators, and wherein the operations can further include: based on generating the
first plurality of modulator control signals, storing, in the analog memory unit, the plurality
of transformed output electric signals of the analog nonlinearity unit; cutputting, through the
analog memory unt, the stored transformed output electric signals; obtaining, from the ADC
unit, a second plurality of transformed digitized output electric signals, the second plurality
of transformed digitized output electric signals forming a second transformed digital output
vector; and storing, in the memory unit, the second transformed digital output vector.,

[0074]  Insome implementations, the input dataset of the artificial neural network
computation request can include a plurality of digital input vectors, wherein the laser unit can
be configured to generate a plurality of wavelengths, and wherein the plurality of optical
modulators can include: banks of optical modulators configured to generate a plurality of
optical input vectors, each of the banks corresponding to one of the plurality of wavelengths
and generating a respective optical input vector having a respective wavelength; and an
optical multiplexer configured to combine the plurality of optical input vectors into a
combined optical input vector comprising the plurality of wavelengths. The photodetection
unit can be further configured to demultiplex the plurality of wavelengths and to generate a

plurality of demultiplexed output electric signals, and the operations can include: obtaining,
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from the ADC unit, a plurality of digitized demultiplexed optical outputs, the plurality of
digitized demultiplexed optical outputs forming a plurality of first digital output vectors,
wherein each of the plurality of first digital output vectors corresponds to one of the plurality
of wavelengths; performing a nonlinear transformation on each of the plurality of first digital
output vectors to generate a plurality of transformed first digital output vectors; and storing,
in the memory unit, the plurality of transformed first digital output vectors, wherein each of
the plurality of digital input vectors can correspond to one of the plurality of optical input
Vectors.

[0075]  Insome implementations, the artificial neural network computation request can
mclude a plurality of digital input vectors, wherein the laser unit is configured to generate a
plurality of wavelengths, and wherein the plurality of optical modulators can include: banks
of optical modulators configured to generate a plurality of optical nput vectors, each of the
banks corresponding to one of the plurality of wavelengths and generating a respective
optical input vector having a respective wavelength; and an optical multiplexer configured to
combine the plurality of optical input vectors into a combined optical input vector
comprising the plurality of wavelengths. The operations can mnclude: obtaining, from the
ADC umit, a first plurality of digitized optical cuiputs corresponding to the optical output
vector comprising the plurality of wavelengths, the first plurabity of digitized optical outputs
forming a first digital output vector; performing a nonlinear transformation on the first digital
output vector to generate a first transformed digital output vector; and storing, in the memory
unit, the first transformed digital output vector.

[0076]  Insome implementations, the DAC unit can include: a 1-bit DAC unit configured
{0 generate a plurality of 1-bit modulator control signals, wherein a resclution of the ADC
unit can be 1 bit, and wherein a resclution of the first digital input vector can be N bits. The
operations can include: decomposing the first digital input vector nto N 1-bit imput vectors,
cach of the N 1-bit input vectors corresponding to one of the N bits of the first digital input
vector; generating, through the 1-bit DAC unit, a sequence of N 1-bit modulator control

g, from the ADC unit, a sequence

t=24

signals corresponding to the N 1-bit input vectors; obtainin
of N digitized 1-bit optical sutputs corresponding to the sequence of the N 1-bit modulator
control signals; constructing an N-bit digital output vector from the sequence of the N

digitized 1-bit optical outputs; performing a nonlinear transformation on the constructed N-
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bit digital output vector to generate a transformed N-bit digital output vector; and storing, in
the memory unit, the transformed N-bit digital output vector.

[0077]  In some implementations, the memory unit can include a digital input vector
memory configured to store the digital input vector and comprising at least one SRAM.
[0078] In some implementations, the laser unit can include: a laser source configured to
generate light; and an optical power splitter configured to split the light generated by the
laser source into the plurality of light outputs, wherein each of the plurality of light outputs
have substantially equal powers.

[0079]  In some implementations, the plurality of optical modulators can include one of
MZI modulators, ring resonator modulators, or electro-absorption modulators.

[0080] In some implementations, the photodetection unit can include: a plurality of
photodetectors; and a plurality of amplifiers configured to convert photocurrents generated
by the photodetectors into the plurality of output electric signals.

[0081] In some implementations, the integrated circuitry can include an application
specific integrated circuit.

[0082]  In some implementations, the optical matrix processing unit can include: an array
of input waveguides to receive the optical input vector; an optical interference unit, in optical
communication with the array of input waveguides, to perform a linear transformation of the
optical input vector into a second array of optical signals, wherein the optical interference
unit comprises the passive diffractive optical elements; and an array of output waveguides, in
optical communication with the optical interference unit, to guide the second array of optical
signals, wherein at least one input waveguide in the array of input waveguides is in optical
communication with each output waveguide in the array of output waveguides via the optical
interference unit.

[0083]  In another embodiment, a system includes: a memory unit; a driver unit configured
to generate a plurality of modulator control signals; and an optical processor that includes: a
laser unit configured to generate a plurality of light outputs; a plurality of optical modulators
coupled to the laser unit and the driver unit, the plurality of optical modulators being
configured to generate an optical input vector by modulating the plurality of light outputs
generated by the laser unit based on the plurality of modulator control signals; an optical

matrix processing unit coupled to the plurality of optical modulators and the driver unit, the
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optical matrix processing unit comprising passive diffractive optical elements configured to
transform the optical input vector into an optical output vector based on a plurality of weight
control signals defined by the passive diffractive optical elements; and a photodetection unit
coupled to the optical matrix processing unit and configured to generate a plurality of output
electric signals corresponding to the optical output vector. The system also includes a
comparator unit coupled to the photodetection unit and configured to convert the plurality of
output electric signals into a plurality of digitized 1-bit optical outputs; and a controller
including integrated circuitry configured to perform operations including: receiving, from a
computer, an artificial neural network computation request comprising an input dataset,
wherein the input dataset comprises a first digital input vector having a resolution of N bits;
storing, in the memory unit, the input dataset; decomposing the first digital input vector into
N 1-bit input vectors, each of the N 1-bit input vectors corresponding to one of the N bits of
the first digital input vector; generating, through the driver unit, a sequence of N 1-bit
modulator control signals corresponding to the N 1-bit input vectors; obtaining, from the
comparator unit, a sequence of N digitized 1-bit optical outputs corresponding to the
sequence of the N 1-bit modulator control signals; constructing an N-bit digital output vector
from the sequence of the N digitized 1-bit optical outputs; performing a nonlinear
transformation on the constructed N-bit digital output vector to generate a transformed N-bit
digital output vector; and storing, in the memory unit, the transformed N-bit digital output
vector.

[0084] Embodiments of the system can include one or more of the following features. For
example, the optical matrix processing unit can include an optical matrix multiplication unit
configured to transform the optical input vector into an optical output vector that represents a
product of a matrix multiplication between an input vector represented by the optical input
vector and a predetermined vector defined by the diffractive optical elements.

[0085]  In another embodiment, a method for performing artificial neural network
computations in a system having an optical matrix processing unit, the method includes:
receiving, from a computer, an artificial neural network computation request comprising an
input dataset comprising a first digital input vector; storing, in a memory unit, the input

dataset; generating, through a digital-to-analog converter (DAC) unit, a first plurality of
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modulator control signals based on the first digital input vector; transforming, by using the
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matrix processing unit comprising an arrangement of diffractive optical elements, an optical
input vector into an optical output vector, in which the optical output vector represents a
result of a matrix processing applied to the optical input vector and a predetermined vector
defined by the arrangement of the diffractive optical elements; obtaining, from an analog-to-
digital conversion (ADC) unit, a first plurality of digitized optical outputs corresponding to
the optical output vector of the optical matrix processing unit, the first plurality of digitized
optical outputs forming a first digital output vector; performing, by a controller, a nonlinear
transformation on the first digital output vector to generate a first transformed digital output
vector; storing, in the memory unit, the first transformed digital output vector; and
outputting, by the controller, an artificial neural network output generated based on the first
transformed digital output vector.

[0086] Embodiments of the method can include one or more of the following features.
For example, transforming the optical input vector into the optical output vector can include
transforming the optical input vector into an optical output vector that represents a product of
a matrix multiplication between the digital input vector and the predetermined vector defined
by the arrangement of diffractive optical elements.

[0087]  In another embodiment, a method includes: providing input information in an
electronic format; converting at least a part of the electronic input information into an optical
input vector; optically transforming the optical input vector into an optical output vector
based on an optical matrix processing by an optical processor comprising passive diffractive
optical elements; converting the optical output vector into an electronic format; and
electronically applying a non-linear transformation to the electronically converted optical
output vector to provide output information in an electronic format.

[0088] Embodiments of the method can include one or more of the following features.
For example, optically transforming the optical input vector into an optical output vector can
include optically transforming the optical input vector into an optical output vector based on
an optical matrix multiplication between a digital input vector represented by the optical
input vector and a predetermined vector defined by the passive diffractive optical elements.
[0089]  In some implementations, the method can further include: repeating the electronic-

to-optical converting, the optical transforming, the optical-to-electronic converting, and the
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electronically applied non-linear transforming with respect to new electronic input
information corresponding to the provided output information in electronic format.

[0090] Insome implementations, the optical matrix processing for the initial optical
transforming and the optical matrix processing of the repeated optical transforming can be
the same and correspond to the same layer of an artificial neural network.

[0091] In some implementations, the method can further include: repeating the electronic-
to-optical converting, the optical transforming, the optical-to-electronic converting, and the
electronically applied non-linear transforming with respect to a different part of the electronic
input information, wherein the optical matrix processing for the initial optical transforming
and the optical matrix processing of the repeated optical transforming can be the same and
correspond to a layer of an artificial neural network.

[0092]  In another embodiment, a system including: an optical matrix processing unit
configured to process an input vector of length A, in which the optical matrix processing unit
comprises N+2 layers of directional couplers and N layers of phase shifters, and N is a
positive integer.

[0093] Embodiments of the system can include one or more of the following features. For
example, the optical matrix processing unit can include no more than N+2 layers of
directional couplers.

[0094] In some implementations, the optical matrix processing unit can include an optical
matrix multiplication unit.

[0095] In some implementations, the optical matrix processing unit can include: a
substrate, and interconnected interferometers disposed on the substrate, in which each
interferometer comprises optical waveguides disposed on the substrate, and the directional
couplers and the phase shifters are part of the interconnected interferometers.

[0096] In some implementations, the optical matrix processing unit can include a layer of
attenuators following the last layer of directional couplers.

[0097] In some implementations, the layer of attenuators can include N attenuators.
[0098]  In some implementations, the system can include one or more homodyne detectors

to detect outputs from the attenuators.
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[0099]  In some implementations, N = 3, and the optical matrix processing unit can
include: input terminals configured to receive the input vector; a first layer of directional

couplers coupled to the input terminals; a first layer of phase shifters coupled to the first layer
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of directional couplers; a second laver of directional couplers coupled to the first layer of
phase shifters; a second layer of phase shifters coupled to the second layer of directional
couplers; a third layer of directional couplers coupled to the second layer of phase shifters; a
third layer of phase shifters coupled to the third laver of directional couplers; a fourth layer of
directional couplers coupled to the third layer of phase shifters; and a fifth layer of
directional couplers coupled to the fourth laver of directional couplers.

[00100]  In some implementations, N = 4, and the optical matrix processing unit can
mclude: input termunals configured to receive the input vector; a first laver, a second layer, a
third layer, and a fourth layer of directional couplers each followed by a layer of phase
shifters, i which the first laver of directional couplers s coupled to the input ternunals; a
second-~to-last layer of directional couplers coupled to the fourth layer of phase shifters; and a
final laver of directional couplers coupled to the second-to-last layer of directional couplers.
[00101] In some implementations, N = 8, and the optical matrix processing unit can
melude: mput ternunals configured to receive the mput vector; eight layers of directional
couplers each followed by a layer of phase shifters, in which the first layer of directional
couplers is coupled to the input terminals; a second-to-last layver of directional couplers
coupled to the eighth layer of phase shifters; and a final layer of directional couplers coupled
to the second-to-last laver of directional couplers.

[00102]  In some implementations, the optical matrix multiplier unit can include; input
terminals configured to receive the input vector; NV layers of directional couplers each
followed by a layer of phase shifters, in which the first layer of directional couplers is
coupled to the input terminals; a second-to-last layer of directional couplers coupled to the N-
th layer of phase shifters; and a final layer of directional couplers coupled to the second-to-
last laver of directional couplers.

{00103] In some implementations, N is an even number.

[00104] Insome implementations, each of the i-th layer of directional couplers includes N/
2 directional couplers, in which 7 is an odd number, and each of the j-th layer of directional
couplers includes v/ 2 - 1 directional couplers, in which J is an even number.

[00105]  In some implementations, for each of the i-th layer of directional couplers for
which 7 1s an odd number, the A-th directional coupler can be coupled to the (2k-1)-th and 24-

th output of the previous layer, and & is an integer from 1 to NV/2.
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[00106] Insome implementations, for each of the j-th layer of directional couplers in which
j is an even number, the m-th directional coupler can be coupled to the (2m)-th and (2m+1)-th
output of the previous layer, and m is an integer from 1 to N/2-1.

[00107] In some implementations, each of the i-th layer of phase shifters can include N
phase shifters for which 7 is an odd number, and each of the j-th layer of phase shifters can
include N - 2 phase shifters for which j is an even number.

[00108] In some implementations, N can be an odd number.

[00109] In some implementations, each layer of directional couplers can include (N—1) /2
directional couplers.

[00110] In some implementations, each layer of phase shifters can include N — 1 phase
shifters.

[00111] In another embodiment, a system includes: a generator configured to generate a
first dataset, in which the generator comprises an optical matrix processing unit; and a
discriminator configured to receive a second dataset comprising data from the first dataset
and data from a third dataset, the data in the first dataset having characteristics similar to
those of the data in the third dataset, and classify data in the second dataset as data from the
first dataset or data from the third dataset.

[00112] Embodiments of the method can include one or more of the following features.
For example, the optical matrix processing unit can include at least one of (i) the optical
matrix multiplication unit recited above, (ii) the passive diffractive optical elements recited
above, or (ii1) the optical matrix processing unit recited above.

[00113] In some implementations, the third dataset can include real data, the generator is
configured to generate synthesized data that resemble the real data, and the discriminator is
configured to classify data as real data or synthesized data.

[00114] Insome implementations, the generator can be configured to generate datasets for
training at least one of autonomous vehicles, medical diagnosis systems, fraud detection
systems, weather prediction systems, financial forecast systems, facial recognition systems,
speech recognition systems, or product defect detection systems.

[00115] Insome implementations, the generator can be configured to generate images

resembling images of at least one of real objects or real scenes, and the discriminator is
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configured to classify a received image as (i) an image of a real object or real scene, or (ii) a
synthesized image generated by the generator.

[00116] Insome implementations, the real objects can include at least one of people,
animals, cells, tissues, or products, and the real scenes comprise scenes encountered by
vehicles.

[00117] Insome implementations, the discriminator can be configured to classify whether
a received image is (i) an image of real people, real animals, real cells, real tissues, real
products, or real scenes encountered by vehicles, or (ii) a synthesized image generated by the
generator.

[00118] In some implementations, the vehicles can include at least one of motorcycles,
cars, trucks, trains, helicopters, airplanes, submarines, ships, or drones.

[00119] In some implementations, the generator can be configured to generate images of
tissues or cells associated with at least one of diseases of humans, diseases of animals, or
diseases of plants.

[00120] In some implementations, the generator can be configured to generate images of
tissues or cells associated with diseases of humans, and the diseases comprise at least one of
cancer, Parkinson’s disease, sickle cell anemia, heart disease, cardiovascular disease,
diabetes, chest disease, or skin disease.

[00121] In some implementations, the generator can be configured to generate images of
tissues or cells associated with cancer, and the cancer can include at least one of skin cancer,
breast cancer, lung cancer, liver cancer, prostate cancer, or brain cancer.

[00122] In some implementations, the system can further include a random noise generator
configured to generate random noise that is provided as input to the generator, and the
generator is configured to generate the first dataset based on the random noise.

[00123] In another embodiment, a system includes: a random noise generator configured to
generate random noise; and a generator configured to generate data based on the random
noise, in which the generator comprises an optical matrix processing unit.

[00124] Embodiments of the system can include one or more of the following features. For
example, the optical matrix processing unit can include at least one of (i) the optical matrix
multiplication unit described above, (i1) the passive diffractive optical elements described

above, or (iii) the optical matrix processing unit described above.
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[00125] In another embodiment, a system includes: a photonic circuit configured to
perform a logic function on two input signals, the photonic circuit including: a first
directional coupler having two input terminals and two output terminals, the two input
terminals configured to receive the two input signals, a first pair of phase shifters configured
to modify phases of the signals at the two output terminals of the first directional coupler, a
second directional coupler having two input terminals and two output terminals, the two
input terminals configured to receive signals from the first pair of phase shifters, and a
second pair of phase shifters configured to modify phases of the signals at the two output
terminals of the second directional coupler.

[00126] Embodiments of the method can include one or more of the following features.
For example, the phase shifters can be configured to cause the photonic circuit to implement
a rotation:

M_i<1 —1>_ cosm/4 —sinm/4
~y2\1 1/ \sinm/4 cosm/4

[00127] In some implementations, when input signals x1 and x2 are provided to the two
input terminals of the first directional coupler, the phase shifters can be configured to cause

the photonic circuit to implement an operation:

M- () Fe—x2)

X 1
2 \/—E(x1+x2) .

[00128] In some implementations, the photonic circuit can include first photodetectors
configured to generate absolute values of the signals from the second pair of phase shifters to

cause the photonic circuit to implement an operation:

- (2) {0
X2
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[00129] In some implementations, the photonic circuit can include comparators configured
to compare the output signals of the first photodetectors with threshold values to generate

binary values to cause the photonic circuit to generate outputs:

X@R(xi B XZ>
OR (x4, x5)

{00130]  In some implementations, the photonic circeit can include a8 feedback mechanism
configured such that output signals of the photodetectors are fed back to the input terminals
of the first directional coupler and passed through the first directional coupler, the first pair of
phase shifters, the second directional coupler, and the second pair of phase shifters, and
detected by the photodetectors to cause the photonic circuit to implement an operation:

M- M- (2

X2

which produces outputs AND(x1, x2} and OR({x1, x2}.
{00131} In some implementations, the photonic circuit can include: a third directional
coupler having two input termunals and two output terminals, the two input terminals
configured to receive the signals from the second pair of phase shifters, a third pair of phase
shifters configured to modify phases of the signals at the two output terminals of the third
directional coupler, a fourth directional coupler having two input terminals and two output
terminals, the two input terminals configured to receive signals from the third pair of phase
shifters, a fourth pair of phase shifters configured to modify phases of the signals at the two
output terminals of the fourth directional coupler, and second photodetectors configured to
generate absolute values of signals from the fourth pair of phase shifters to cause the

photonic circuit to implement an operation:

X1
M- M-
X

which produces outputs AND(x1, x2} and OR({x1, x2}.
[00132] In some implementations, the system can include a Bitonic sorter configured such

that a sorting function of the Bitonic sorter 1s performed using the photonic circuit,
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[00133] Insome implementations, the system can include a device configured to perform a
hashing function using the photonic circuit.

[00134] In some implementations, the hashing function can include secure hash algorithm
2 (SHA-2).

[00135] Generally, a system for performing computations produces a computational result
using different tyvpes of operations that are each performed on signals {e g, electrical signals
or optical signals) for which the underlying physics of the operation 1s most suitable (e.g, in
terms of energy consumption and/or speed). For example, three such operations are: copying,
summation, and multiplication. Copying can be performed using optical power splitiing,
sumumation can be performed using electrical current-based suramation, and multiplication
can be performed using optical amplitude modulation, as described in more detail below. An
example of a computation that can be performed using these three types of operations 15
multiplying a vector by a matrix (e.g., as employed by artificial neural network
computations}. A variety of other computations can be performed using these operations,
which represent a set of general linear operations from which a variety of computations can
be performed, mcluding but not limited to: vector-vector dot products, vector-vector element-
wise multiplication, vector-scalar element wise multiplication, or matrix-matrix element-wise
multiplication. Some of the examples described herein illustrate techniques and
configurations for vector-matrix multiplication, but corresponding techniques and
configurations can be used for any of these types of computations.

[00136]  Aspects can have one or more of the following advantages.

[00137] An opioelectronic computing system that uses both electrical signals and optical
signals as described herein may facilitate increased flexibility and/or efficiency. In the past,
there may have been potential challenges associated with combining optical (or photonic)
integrated devices with electrical (or electronic) integrated devices on a common platform
(e.g., 2 common semiconductor die, or multiple semiconductor dice combined in a controled
collapsed chip connection or “flip-chip” arrangement}. Such potential challenges may
include input/output (/0) packaging, or temperature control, for example. For systems such
as those described herein, the potential challenges may be increased when used with a
relatively large number of optical input ports and a relatively large number of electrical

output ports {e.g., 4 or more optical nput/output ports, 200 or more electric mput/cutput
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ports}. These potential challenges can be mitigated using appropriate system design. For
example, a system may use a high density packaging arrangement that conirols thermal
expansion between different material types (e g., semiconductor material such as Silicon,
glass material such as Sthicon Dioxide or “Silica”, ceramic material, etc.) using temperature
control {e.g , thermo-electric cooling) and/or an enclosing housing that acts as a heat sink and
provides some degree of sealing. With such temperature stability technmques, different
coefficients of thermal expansion {CTE), and resulting misalignment between system ports
and ports of a packaged high density fiber array, can be limited.

[00138] For a copy operation, since optical power splitting is passive, no power needs to be
consumed to perform the operation. Additionally, the frequency bandwidth of an electric
splitter has a limit associated with the RC time constant. In comparison, the frequency
bandwidth of optical splitter 15 virtually unhmited. Different types of optical power sphitters
can be used, including waveguide optical splitters or free-space beam splitters, as described
m more detail below.

[00139] For a multiphcation operation, one value can be encoded as an optical signal and
the other valae can be encoded as an amphitude scaling coefficient {e.g., multiplication by a
value 1n a range from 0 to 1). After the scaling coefficient has been set, the multiplication in
the optical domain has reduced (or no) requirement for the tuning of electrical signals, and
therefore has reduced constraints due to electrical noise, powser consurmption, and bandwidth
limit. By a suttable choice of the detection scheme, a signed result can be obtained (e g.,
multiplication by a value between -1 to +1), as described in more detail below.

{00140} For a summation operation, different techniques can be used to achieve a result
where the magnitude of a current flow in a conductor is determined based on a sum of
different contributions. In the context of incoming current signals, when two or more
conductors carrying those imncoming current signals combine at a junction, a single conductor
carrying an outgoing current signal represents a sum of those input current signals. In the
context of incoming optical signals, when two or more optical waves at different wavelengths
mmpinge upon the detector, a current signal carried on a photocurrent that is produced by the
detector represents a sum of the powers in the incoming optical signals. Both produce an
electrical signal (e g, an electrical current} as an output that represents a sum, but one uses

current as mnputs {current-input-based summation, also called “electrical summation”
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performed in the “electrical domain”) and the other uses optical waves as inputs {optical-
input-based summation, also called “optoelectronic summation” performed in the
“optoelectronic domain™). But, in some embodiments, current-input-based summation 15 used
istead of optical-input-based summation, which enables a single optical wavelength to be
used in the system, avoiding potentially complex elements of the system that may be needed
to provide and maintain multiple wavelengths.

[00141] The combination of these basic operations nmplemented by these modules can be
arranged to provide a device that performs linear operations, such as vector-matrix
multiplication with arbitrary matrix element magnitudes. Other implementations of matrix
multiplication using optical signals and interferometers for combining optical signals using
optical interference (without the use of copy modules or addition modules as described here)
have been limited to providing vector-matrix multiplication that has certain restrictions (e.g.,
a unifary matrix, or a diagonal matrix). Additionally, some other vnplementations may rely
on large scale phase alignment of multiple optical signals as they propagate through a
relatively large number of optical elements {e.g., optical modulators}. Alternatively, the
mplementations described herein may be able to relax such phase alignment constrants by
convertiing optical signals to electrical signals after propagation through fewer optical
clements (e.g., after a propagation through no more than a single optical amplitude
modulator), which allows the use of optical signals that have reduced coherence, or even
mcoherent optical signals for optical modulators that do not rely on constructive/destructive
mterference.

[00142] For time domain encoding of optical and electrical signals, described below in
more detail, the analog elecironic circuitry can be optimized for operation at a particelar
power level, which may be helpful if the circuitry is operating at a high speed. Such time
domain encoding may be useful, for example, in reducing any challenges that may be
associated with accurately controlling a relatively large number of clearly distinguishable
intensity levels of each symbol. Instead, a relatively constant amplitude can be used {(for an
“on” level, with a zero, or near zerp, amplitude 1 an “off” levell, while accurate control of
duty cycle is applied in the time domain over multiple time slots within a single symbol

duration.
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[00143] The modules can be conveniently fabricated at a large scale by integrating
photonics and electronics on a common substrate (e.g., a Silicon chip). Routing signals on the
substrate as optical signals instead of electrical signals, and grouping photodetectors in a
portion of the substrate may help avoid long electronic wiring and their associated challenges
(e.g., parasitic capacitance, inductance, and crosstalk).

[00144] For an embodiment of the system that uses submatrix multiplication, each element
of the output vector can be computed concurrently using a different device (e.g., different
core, different processor, different computer, different server), helping to alleviate certain
potential limitations, such as the memory wall, and helping the overall system to scale for
very large matrices. In some embodiments, each submatrix can be multiplied by a
corresponding sub-vector using a different device. The total sum can then be computed by
collecting or accumulating summands from different devices. The intermediate results, in the
form of optical signals, can be conveniently transported between devices, even if the devices
are separated by relatively large distances.

[00145] Other aspects include other combinations of the features recited above and other
features, expressed as methods, apparatus, systems, program products, and in other ways.
[00146] Particular embodiments of the subject matter described in this specification can be
implemented to realize one or more of the following advantages. ANN computation
throughput, latency, or both may be improved. Power efficiency of ANN computations may
be improved.

[00147] In another embodiment, an apparatus includes: a plurality of optical waveguides,
wherein a set of multiple input values are encoded on respective optical signals carried by the
optical waveguides; a plurality of copying modules, and for each of at least two subsets of
one or more optical signals, a corresponding set of one or more of the copying modules is
configured to split the subset of one or more optical signals into two or more copies of the
optical signals; a plurality of multiplication modules, and for each of at least two copies of a
first subset of one or more optical signals, a corresponding multiplication module configured
to multiply the one or more optical signals of the first subset by one or more matrix element
values using optical amplitude modulation, where at least one of the multiplication modules
includes an optical amplitude modulator including an input port and two output ports, and a

pair of related optical signals is provided from the two output ports such that a difference
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between amplitudes of the related optical signals corresponds to a result of multiplying an
mput value by a signed matrix element value; and one or more summation modules, and for
results of two or more of the multiplication modules, a corresponding one of the summation
modules 1s configured to produce an electrical signal that represents a sum of the results of
the two or more of the multiplication modules.

[00148] Embodiments of the apparatus can include one or more of the following features.
For example, the mput values in the set of multiple mput values encoded on the respective
optical signals can represent elements of an input vector that is being multiplied by a matrix
that includes the one or more matrix element values.

[00149] In some implementations, a set of multiple output values can be encoded on
respective electrical signals produced by the one or more summation modules, and the output
values i the set of multiple output values can represent elements of an output vector that
results from the input vector being multiplied by the matrix,

[0015C] In some implementations, each of the optical signals carried by an optical
waveguide can include an optical wave having a common wavelength that s substantially
identical for all of the optical signals.

[00151]  In some implementations, the copying modules can include at least one copying
module meluding an optical splitter that sends a predetermined fraction of the power of an
optical wave at an input port to a first output port, and sends the remaining fraction of the
power of the optical wave at the input port to a second output port.

[00152]  In some implementations, the optical splitter can include a waveguide optical
splitter that sends a predetermined fraction of the power of an optical wave guided by an
nput optical waveguide to a first output optical waveguide, and sends the remaining fraction
of the power of the optical wave guided by the input optical waveguide to a second ouiput
optical waveguide.

[00153] Insome implementations, a guided mode of the input optical waveguide can be
adiabatically coupled to guided modes of each of the first and second output optical
waveguides.

[00154] In some implementations, the optical splitter can include a beam splitter that

includes at least one surface that transmuts the predetermined fraction of the power of the
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optical wave at the input port and reflects the remaining fraction of the power of the optical
wave at the input port.

[00155] Insome implementations, at least one of the plurality of optical waveguides can
include an optical fiber that 1s coupled to an optical coupler that couples a guided mode of
the optical fiber to a free-space propagation mode.

[00156] In some implementations, the multiphcation modules can include at least one
coherence-sensitive multiplication module configured to multiply the one or more optical
signals of the first subset by one or more matrix element values using optical armplitude
modulation based on interference between optical waves that have a coherence length at least
as long as a propagation distance through the coherence-sensitive multiplication module.
[00157] Insome implementations, the coherence-sensitive multiplication module can
mclude a Mach-Zehnder Interferometer (MZ1) that splits an optical wave guided by an put
optical waveguide into a first optical waveguide arm of the MZI and a second optical
waveguide arm of the MZ1, the first optical waveguide arm includes a phase shifter that
wuparts 4 relative phase shift with respect to a phase delay of the second optical waveguide
arm, and the MZI combines optical waves from the first optical waveguide arm and the
second optical wavegiide arm mio at least one output optical waveguide.

[00158] In some implementations, the MZI can combine optical waves from the first
optical waveguide arm and the second optical waveguide arm into each of a first cutput
optical waveguide and a second output optical waveguide, a first photodetector can receive
an optical wave from the first output optical waveguide to generate a first photocurrent, a
second photodetector can receive an optical wave from the second output optical waveguide
{0 generate a second photocurrent, and a result of the coherence-sensitive multiplication
module can include a difference between the first photocurrent and the second photocurrent.
{00159]  In some implementations, the coherence-sensitive multiplication module can
mclude one or more ring resonators, including at least one ring resonator coupled to a first
optical waveguide and at least one ring resonator coupled to a second opiical waveguide.
[00160] In some implementations, a first photodetector can receive an optical wave from
the first optical waveguide to generate a first photocurrent, a second photodetector can

receive an optical wave from the second optical waveguide to generate a second
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photocurrent, and a result of the coherence-sensitive multiplication module can include a
difference between the first photocurrent and the second photocurrent,

[00161] In some implementations, the multiphication modules can include at least one
coherence-insensitive multiplication module configured to muliiply the one or more optical
signals of the first subset by one or more matrix element values using optical amplitude
modulation based on absorption of energy within an optical wave.

[00162] In some implementations, the coherence-insensitive multiplication module can
include an eleciro-absorption modulator,

[00163] Insome implementations, the one or more summation modules can include at least
one summation module including: (1) two or more nput conductors that each carries an
electrical signal in the form of an input current whose amplitude represents a respective result
of a respective one of the multiplication modules, and (2) at least one output conductor that
carries the electrical signal that represents the sum of the respective results in the form of an
output current that is proportional to the sum of the 1nput currents.

[00164] In some implementations, the two or more input conductors and the output
conductor can include wires that meet at one or more junctions among the wires, and the
ouiput current can be substantially equal to the sum of the input currents.

[00165] In some implementations, at least a first input current of the input currents can be
provided i the form of at least one photocurrent generated by at least one photodetector that
receives an optical signal generated by a first multiplication module of the multiplication
modules.

[00166] In some implementations, the first input current can be provided in the form of
difference between two photocurrents generated by different respective photodetectors that
receive different respective optical signals both generated by the first multiplication module.
{00167} In some implementations, one of the copies of the first subset of one or more
optical signals can consist of a single optical signal on which one of the input values is
encoded.

[00168] Insome implementations, the multiphication module corresponding to the copy of

the first subset can multiply the encoded input value by a single matrix element value.
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[00169] In some implementations, one of the copies of the first subset of one or more
optical signals can include more than one of the optical signals, and fewer than all of the
optical signals, on which multiple input values are encoded.

[00170]  In some implementations, the multiphication module corresponding to the copy of
the first subset can multiply the encoded input values by different respective matrix element
values.

[00171] In some implementations, different multiplication modules corresponding to
different respective copies of the first subset of one or more optical signals can be contained
by different devices that are in optical communication to transmit one of the copies of the
first subset of one or more optical signals between the different devices.

[00172] In some implementations, two or more of the plurality of optical waveguides, two
or more of the plurality of copying modules, two or more of the plurality of multiplication
modules, and at least one of the one or more summation modules can be arranged on a
substrate of a common device.

[00173] In some implementations, the device can perform vector-matrix multiplication,
wheremn an mput vector can be provided as a set of optical signals, and an output vector can
be provided as a set of electrical signals.

[00174] In some implementations, the apparatus can further mclude an accumulator that
mtegrates an input electrical signal correspondmg to an output of a multiplication module or
a summation module, wherein the 1nput electrical signal can be encoded using a time domain
encoding that uses on-off amplitude modulation within each of multiple time slots, and the
accunuilator can produce an output electrical signal that 1s encoded with more than two
amplitude levels corresponding to different duty cycles of the time domain encoding over the
multiple time slots.

{00175] In some implementations, the two or more of the multiplication modules each
correspond to a different subset of one or more optical signals.

{00176] In some implementations, the apparatus can further include, for each copy of a
second subset of one or more optical signals, different from the optical signals 1n the first
subset of one or more optical signals, a multiplication module configured to multiply the one
or more optical signals of the second subset by one or more matrix element values using

optical amplitude modulation.
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[00177] In another embodiment, a method includes: encoding a set of multiple input values
on respective optical signals; for each of at least two subsets of one or more optical signals,
using a corresponding set of one or more copying modules to split the subset of one or more
optical signals into two or more copies of the optical signals; for each of at least two copies
of a first subset of one or more optical signals, using a corresponding multiplication module
to multiply the one or more optical signals of the first subset by one or more matrix element
values using optical amplitude modulation, where at least one of the multiplication modules
includes an optical amplitude modulator including an input port and two output ports, and a
pair of related optical signals is provided from the two output ports such that a difference
between amplitudes of the related optical signals corresponds to a result of multiplying an
input value by a signed matrix element value; and for results of two or more of the
multiplication modules, using a summation module configured to produce an electrical signal
that represents a sum of the results of the two or more of the multiplication modules.

[00178] In another embodiment, a method includes: encoding a set of input values
representing elements of an input vector on respective optical signals; encoding a set of
coefficients representing elements of a matrix as amplitude modulation levels of a set of
optical amplitude modulators coupled to the optical signals, where at least one of the optical
amplitude modulators including an input port and two output ports provides a pair of related
optical signals from the two output ports such that a difference between amplitudes of the
related optical signals corresponds to a result of multiplying an input value by a signed
matrix element value; and encoding a set of output values representing elements of an output
vector on respective electrical signals, where at least one of the electrical signals is in the
form of a current whose amplitude corresponds to a sum of respective elements of the input
vector multiplied by respective elements of a row of the matrix.

[00179] Embodiments of the method can include one or more of the following features. For
example, at least one of the optical signals can be provided by a first optical waveguide, and
the first optical waveguide can be coupled to an optical splitter that sends a predetermined
fraction of the power of an optical wave guided by the first optical waveguide to a second
output optical waveguide, and sends the remaining fraction of the power of the optical wave
guided by the first optical waveguide to a third optical waveguide.

[00180] In another embodiment, an apparatus includes: a plurality of optical waveguides
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encoding a set of input values representing elements of an input vector on respective optical
signals carried by the optical waveguides; a set of optical amplitude modulators coupled to
the optical signals encoding a set of coefficients representing elements of a matrix as
amplitude modulation levels, where at least one of the optical amplitude modulators
including an input port and two output ports provides a pair of related optical signals from
the two output ports such that a difference between amplitudes of the related optical signals
corresponds to a result of multiplying an input value by a signed matrix element value; and a
plurality of summation modules encoding a set of output values representing elements of an
output vector on respective electrical signals, where at least one of the electrical signals is in
the form of a current whose amplitude corresponds to a sum of respective elements of the
input vector multiplied by respective elements of a row of the matrix.

[00181] In another embodiment, a method for multiplying an input vector by a given
matrix includes: encoding a set of input values representing elements the input vector on
respective optical signals of a set of optical signals; coupling a first set of one or more
devices to a first set of one or more waveguides providing a first subset of the set of optical
signals, and generating a result of a first submatrix of the given matrix multiplied by values
encoded on the first subset of the set of optical signals; coupling a second set of one or more
devices to a second set of one or more waveguides providing a second subset of the set of
optical signals, and generating a result of a second submatrix of the given matrix multiplied
by values encoded on the second subset of the set of optical signals; coupling a third set of
one or more devices to a third set of one or more waveguides providing a copy of the first
subset of the set of optical signals generated by a first optical splitter, and generating a result
of a third submatrix of the given matrix multiplied by values encoded on the first subset of
the set of optical signals; and coupling a fourth set of one or more devices to a fourth set of
one or more waveguides providing a copy of the second subset of the set of optical signals
generated by a second optical splitter, and generating a result of a fourth submatrix of the
given matrix multiplied by values encoded on the second subset of the set of optical signals;
wherein the first, second, third, and fourth submatrices concatenated together form the given
matrix; and wherein at least one output value representing an element of an output vector

corresponding to the input vector multiplied by the given matrix is encoded on electrical
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signals generated by a device in communication with the first set of one or more devices and
the second set of one or more devices.

[00182] Embodiments of the method can include one or more of the following features. For
example, each pair of sets of the first set of one or more devices, the second set of one or
more devices, the third set of one or more devices, and the fourth set of one or more devices
can be mutually exclusive.

[00183] In another embodiment, an apparatus includes: a first set of one or more devices
configured to receive a first set of optical signals, and to generate a result of a first matrix
multiplied by values encoded on the first set of optical signals; a second set of one or more
devices configured to receive a second set of optical signals, and to generate a result of a
second matrix multiplied by values encoded on the second set of optical signals; a third set of
one or more devices configured to receive a third set of optical signals, and to generate a
result of a third matrix multiplied by values encoded on the third set of optical signals; a
fourth set of one or more devices configured to receive a fourth set of optical signals, and to
generate a result of a fourth matrix multiplied by values encoded on the fourth set of optical
signals; and configurable connection pathways between two or more of the first set of one or
more devices, the second set of one or more devices, the third set of one or more devices, or
the fourth set of one or more devices, wherein a first configuration of the configurable
connection pathways is configured to: (1) provide a copy of the first set of optical signals as
at least one of the second set of optical signals, the third set of optical signals, or the fourth
set of optical signals, and (2) provide one or more signals from the first set of one or more
device and one or more signals from the second set of one or more devices to a summation
module configured to produce an electrical signal that represents a sum of values encoded on
signals received by the summation module.

[00184] In another embodiment, an apparatus includes: a first set of one or more devices
configured to receive a first set of optical signals, and to generate a result based on optical
amplitude modulation of one or more of the optical signals of the first set of optical signals; a
second set of one or more devices configured to receive a second set of optical signals, and to
generate a result based on optical amplitude modulation of one or more of the optical signals
of the second set of optical signals; a third set of one or more devices configured to receive a

third set of optical signals, and to generate a result based on optical amplitude modulation of
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one or more of the optical signals of the third set of optical signals; a fourth set of one or
more devices configured to receive a fourth set of optical signals, and to generate a result
based on optical amplitude modulation of one or more of the optical signals of the fourth set
of optical signals; and configurable connection pathways between two or more of the first set
of one or more devices, the second set of one or more devices, the third set of one or more
devices, or the fourth set of one or more devices, wherein a first configuration of the
configurable connection pathways is configured to: (1) provide a copy of the first set of
optical signals as the third set of optical signals, or (2) provide one or more signals from the
first set of one or more device and one or more signals from the second set of one or more
devices to a summation module configured to produce an electrical signal that represents a
sum of values encoded on signals received by the summation module.

[00185] Embodiments of the apparatus can include one or more of the following features.
For example, each pair of sets of the first set of one or more devices, the second set of one or
more devices, the third set of one or more devices, and the fourth set of one or more devices
can be mutually exclusive.

[00186] In some implementations, the first configuration of the configurable connection
pathways can be configured to: (1) provide a copy of the first set of optical signals as the
third set of optical signals, and (2) provide one or more signals from the first set of one or
more device and one or more signals from the second set of one or more devices to the
summation module configured to produce an electrical signal that represents a sum of values
encoded on at least two different signals received by the summation module.

[00187] Insome implementations, the first configuration of the configurable connection
pathways can be configured to provide a copy of the first set of optical signals as the third set
of optical signals, and a second configuration of the configurable connection pathways can be
configured to provide one or more signals from the first set of one or more device and one or
more signals from the second set of one or more devices to the summation module
configured to produce an electrical signal that represents a sum of values encoded on signals
received by the summation module.

[00188] In another embodiment, an apparatus includes: a plurality of optical waveguides,

wherein a set of multiple input values are encoded on respective optical signals carried by the
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or more optical signals, a corresponding set of one or more copying modules configured to
split the subset of one or more optical signals into two or more copies of the optical signals; a
plurality of multiplication modules, including for each of at least two copies of a first subset
of one or more optical signals, a corresponding multiplication module configured to multiply
the one or more optical signals of the first subset by one or more values using optical
amplitude modulation; and one or more summation modules, including for results of two or
more of the multiplication modules, a summation module configured to produce an electrical
signal that represents a sum of the results of the two or more of the multiplication modules,
where the results include at least one result that is encoded on an electrical signal and was
derived from one of the copies of the optical signals that propagated through no more than a
single optical amplitude modulator before being converted to an electrical signal.

[00189] In an aspect, the present disclosure provides a system comprising: a first unit
configured to generate a plurality of modulator control signals; a processor unit comprising: a
light source configured to provide a plurality of light outputs; a plurality of optical
modulators coupled to the light source and the first unit, the plurality of optical modulators
being configured to generate an optical input vector by modulating the plurality of light
outputs provided by the light source based on the plurality of modulator control signals, the
optical input vector comprising a plurality of optical signals; and a matrix multiplication unit
coupled to the plurality of optical modulators and the first unit, the matrix multiplication unit
being configured to transform the optical input vector into an analog output vector based on a
plurality of weight control signals; a second unit coupled to the matrix multiplication unit and
configured to convert the analog output vector into a digitized output vector; and a controller
including integrated circuitry configured to perform operations comprising: receiving an
artificial neural network computation request comprising an input dataset that comprises a
first digital input vector; receiving a first plurality of neural network weights; and generating,
through the first unit, a first plurality of modulator control signals based on the first digital
input vector and a first plurality of weight control signals based on the first plurality of neural
network weights.

[00190] Embodiments of the system can include one or more of the following features. For
example, the first unit can include a digital to analog converter (DAC).

[00191] Insome implementations, the second unit can include an analog to digital
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converter (ADC).

[00192] In some implementations, the system can include a memory unit configured to
store a dataset and a plurality of neural network weights.

[00193] In some implementations, the integrated circuitry of the controller can be further
configured to perform operations including storing, 1n the memory unit, the nput dataset and
the first plurality of neural network weights.

[00194] In some implementations, the first unit can be configured to generate the plurality
of weight control signals.

[00195] In some implementations, the controller can include an application specific
mtegrated circuit {ASIC), and receiving an artificial neural network computation request can
mnclude receiving, from a general purpose data processor, an artificial neural network
computation request.

[00196] In some implementations, the first unit, the processing unit, the second unit, and
the controller can be disposed on at least one of a multi-chip module or an miegrated circut.
Recetving an artificial neural network computation request can include receiving, from a
second data processor, an artificial neural network computation request, wherein the second
data processor can be external to the multi-chip module or the integrated circuit, the second
data processor can be coupled to the multi-chip module or the imntegrated circutt through a
commumnication channel, and the processor umit ¢an process data at a data rate that is at least
an order of magnitude greater than a data rate of the communication channel,

[00197]  In some implementations, the first umt, the processor unit, the second unit, and the
controller can be used in an optoelectronical processing loop that is repeated for a plurality of
iterations, and the opioelectronical processing loop includes: (1) at least a first optical
modulation operation based on at least one of the plurality of modulator control signals, and
at least a second optical modulation operation based on at least one of the weight control
signals, and (2) at least one of (a) an electrical summation operation or (b} an elecirical
storage operation.

[00198] In some implementations, the optoelectronical processing loop can include the
electrical storage operation, and the electrical storage operation can be performed using a

memory unit coupled to the controller, wherein the operations performed by the controller
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can further include storing, in the memory unit, the input dataset and the first plurality of
neural network weights.

[00199] In some implementations, the optoelectronical processing loop can include the
electrical summation operation, and the electrical summation operation can be performed
using an electrical summation module within the matrix multiplication unit, wherein the
electrical summation module can be configured 1o generate an electrical current
corresponding to an element of the analog output vector that represents a sum of respective
elements of the optical input vector multiplied by respective neural network weights.

[00200] In some implementations, the optoelectronical processing loop can mclude at least
one signal path on which there is no more than one first optical modulation operation based
on at least one of the plurality of modulator control signals, and no more than one second
optical modulation operation based on at least one of the weight control signals performed in
a single loop iteration.

[00201] In some implementations, the first optical modulation operation can be performed
by one of the plurality of optical modulators coupled to the source of the light outputs and to
the matrix multiplication unit, and the second optical modulation operation can be performed
by an optical modulator included in the matrix multiplication unit.

[00202] In some implementations, the optoelectronical processing loop can include at least
one signal path on which there 18 no more than one electrical storage performed in a single
loop iteration,

[00203]  In some implementations, the source can include a laser unit configured to
generate the plurality of light outputs.

{00204] In some implementations, the matrix multiplication unit can include: an array of
nput waveguides to receive the optical input vector, and the optical input vector comprises a
first array of optical signals; an optical interference unit, in optical communication with the
array of input waveguides, to perform a linear transformation of the optical input vector into
a second array of optical signals; and an array of output wavegiides, in optical
communication with the optical interference unit, to guide the second array of optical signals,
wherein at least one input waveguide in the array of input waveguides is in optical
communication with each output waveguide mn the array of output waveguides via the optical

interference unit.
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[00205] In some implementations, the optical interference unit can include: a plurality of
interconnected Mach-Zehnder interferometers (MZIs}, each MZ1 in the plurality of
interconnected MZ1s including: a first phase shifter configured to change a splitting ratio of
the MZ1; and a second phase shifter configured to shift a phase of one output of the MZL
wherein the first phase shifters and the second phase shifters are coupled to the plurality of
weight control signals.

[00206] In some implementations, the matrix multiplication unit can include: a plurality of
copving modules, wherein each of the copving modules corresponds to a subset of one or
more optical signals of the optical input vector and 1s configured to split the subset of one or
more optical signals into two or more copies of the optical signals; a plurality of
multiplication modules, wherein each of the multiphication modules corresponds to a subset
of one or more optical signals configured to multiply the one or more optical signals of the
subset by one or more matrix element values using optical amplitude modulation; and ove or
more summation modules, wherein each summation module is configured to produce an
electrical signal that represents a sum of the results of two or more of the multiphication
modles.

[00207]  In some implementations, at least one of the multiplication modules includes an
optical amplitude modulator mcluding an input port and two output ports, and a pair of
related optical signals can be provided from the two output ports such that a difference
between amplitades of the related optical signals corresponds to a result of multiplying an
mput value by a signed matrix element value.

[00208] In some implementations, the mairix multiphication unit can be configured to
multiply the input vector by a matrix that includes the one or more matrix element values.
{00209 In some implementations, a set of muliiple output values can be encoded on
respective electrical signals produced by the one or more summation modules, and the cutput
values in the set of multiple output values can represent elements of an cutput vector that
results from the input vector being multiplied by the matrix.

[00210] Insome implementations, the system can include a memory umit configured to
store the input dataset and the neural network weights, the second unit can include an analog
to digital converter (ADC) unit, and the operations can further include: obtaining, from the

ADC unit, a first plurality of digitized outputs corresponding to the analog output vector of



25

30

WO 2019/236591 PCT/US2019/035403
43

the matrix multiplication unit, the first plurality of digitized outputs forming a first digital
output vector; performing a nonlinear transformation on the first digital output vector to
generate a first iransformed digital output vector; and storing, in the memory unit, the first
transformed digital output vector.

[00211] Insome implementations, the system can have a first loop period defined as a time
elapsed between the step of storing, in the memory unit, the input dataset and the first
plurality of neural network weights, and the step of storing, in the memory unit, the first
transformed digital output vector, and wherein the first loop period is less than or equal to 1
[00212] In some implementations, the operations can further mclude: outputting an
artificial neural network output generated based on the first transformed digital output vector.
[00213] In some implementations, the first unit can include a digital to analog converter
(DAC) unit, and the operations can further include: generating, through the DAC umut, a
second plurality of modulator control signals based on the furst transformed digital output
vector.

{00214] In some implementations, the first unit can include a digital to analog converter
(DAC) unit, the artificial neural network computation request can further include a second
plurality of neural network weights, and wherein the operations can further include: based on
the obtaming of the first plurality of digitized outputs, generating, through the BAC unit, a
second plurality of weight control signals based on the second plurality of neural network
weights.

{00215} Insome implementations, the first and second pluralities of neural network
weights can correspond to different layers of an artificial neural network.

[00216] Insome implementations, the first unit can include a digital to analog converter
{DAC) unit, and the input dataset can further include a second digital input vector. The
operations can further include: generating, through the DAC unit, a second plurality of
modulator control signals based on the second digital input vector; obtaining, from the ADC
unit, a second plurality of digitized outputs corresponding to the output vector of the matrix
multiplication unit, the second plurality of digitized outputs forming a second digital output
vector; performing a nonlinear transformation on the second digital output vector to generate

a second transformed digital output vector; storing, in the memory unit, the second
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transformed digital output vector; and outpuiting an artificial neural network output
generated based on the first transformed digital output vector and the second transformed
digital output vector. The output vector of the matrix multiplication unit can result from a
second optical input vector generated based on the second plurality of modulator control
signals that is transformed by the matrx multiplication unit based on the first-mentioned
plurality of weight control signals.

[00217] In some implementations, the system can include a memory unit configured to
store the input dataset and the neural network weights, and the second unit can include an
analog to digital converter (ADC) unit. The syster can further include: an analog
nonlinearity unit arranged between the matrix multiplication unit and the ADC unut, the
analog nonlinearity unit can be configured to receive the plurality of output voltages from the
matrix multiplication unit, apply a nonlinear transfer function, and output a plurality of
transformed output voltages to the ADC unit. The operations performed by the integrated
circuitry of the controller can further include: obtaining, from the ADC unt, a first plurality
of transformed digitized output voltages corresponding to the plurality of transformed output
voltages, first plarality of transformed digitized output voltages forming a first transformed
digital ouiput vector; and storing, 1in the memory unit, the first transformed digital output
vector.

[00218] In some implementations, the integrated circuitry of the controller can be
configured to generate the first plurality of modulator control signals at a rate greater than or
equal to 8 GHz,

[00219] In some implementations, the first unit can include a digital to analog converter
{DAC) unit, and the second unit can include an analog to digital converter (ADC) unit. The
mairix multiplication unit can include: an optical matrix multiplication unit coupled to the
plurality of optical modulators and the DAC unit, the optical matrix multiplication unit being
configured to transform the optical mput vector into an optical output vector based on the
plurality of weight control signals; and a photodetection unit coupled to the optical matrix
muktiplication unit and configured to generate a plurality of output voltages corresponding o
the optical output vector.

[0022¢] In some implementations, the system can further include: an analog memory untt

arranged between the DAC unit and the plurality of optical modulators, the analog memory
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unit being configured to store analog voltages and to output the stored analog voltages; and
an analog nonlinearity unit arranged between the photodetection unit and the ADC unit, the
analog nonlinearity unit being configured to receive the plurality of output voltages from the
photodetection unit, apply a nonlinear transfer function, and output a plurality of transformed
output voltages.

[00221] In some implementations, the analog memory unit can include a plurality of
capaciiors.

[00222] In some implementations, the analog memory unit can be configured to receive
and store the plurality of transformed output voltages of the analog nonlinearity untt, and to
output the stored plurality of transformed output voltages to the plurality of optical
modulators. The operations can further include: based on generating the first plurality of
modulator control signals and the first plurality of weight control signals, storing, in the
analog memory unit, the plurality of transformed output voltages of the analog nonlinearity
unit; cutputting, through the analog memory unit, the stored transformed ouiput voltages;
obtaining, from the ADC unit, a second plurality of transformed digitized output voltages, the
second plurality of transformed digitized output voliages forming a second transformed
digital ouiput vector; and storing, 1 the memory unit, the second transformed digital output
vector.

[00223] In some implementations, the system can include a memory unit configured to
store the mput dataset and the neural network weights, and the input dataset of the artificial
neural network computation request can include a plurality of digital input vectors. The
source can be configured to generate a plurality of wavelengths. The plurality of optical
modulators can include: banks of optical modulators configured to generate a plurality of
optical input vectors, each of the banks corresponding to one of the plurality of wavelengths
and generating a respective optical input vector having a respective wavelength; and an
optical multiplexer configured to combine the plurality of optical input vectors into a
combined optical input vecior comprising the plurality of wavelengihs. The photodetection
unit can be further configured to demultiplex the plurality of wavelengths and o generate a
plurality of demultiplexed output voltages. The operations can include: obtaining, from the
ADC unit, a plurality of digitized demultiplexed optical outputs, the plurality of digitized

demultiplexed optical outputs forming a plurality of first digital output vectors, wherein each
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of the plurality of first digital output vectors corresponds to one of the plurality of
wavelengths; performing a nonlinear transformation on each of the plurality of first digital
output vectors to generate a plurality of transformed first digital output vectors; and storing,
in the memory unit, the plurality of transformed first digital output vectors. Each of the
plurality of digital input vectors can correspond to one of the plurality of optical input
VeCtors.

[00224] In some implementations, the system can include a memory unit configured to
store the input dataset and the neural network weights, the second unit can include an analog
to digital converter (ADC) untt, and the artificial neural network computation request can
mclude a plurality of digital input vectors. The source can be configured to generate a
plurality of wavelengths. The plurality of optical modulators can include: banks of optical
modulators configured to generate a plurality of optical input vectors, each of the banks
corresponding to one of the plurality of wavelengths and generating a respective optical mput
vector having a respective wavelength; and an optical multiplexer configured to combine the
plurality of optical input vectors into a combined optical input vector comprising the plurahity
of wavelengths. The operations can include: obtaining, from the ADC unit, a first plorality of
digitized optical ouiputs corresponding to the optical output vector comprising the plurality
of wavelengths, the first plurality of digitized optical cutputs forming a first digital output
vector; performing a nonlinear transformation on the first digital output vector to generaie a
first transformed digital output vector; and storing, in the memory umt, the first transformed
digital output vector.

[00225] In some implementations, the first unit can include a digital to analog
converter (DAC) unit, the second unit can include an analog to digital converter (ADC) unit,
and the BAC unit can include: a 1-bit DAC subunit configured to generate a plurality of 1-bit
modulator control signals. A resolution of the ADC unit can be 1 bit, and a resolution of the
first digital input vector can be N bits. The operations ¢can include: decomposing the first
digital input vector into N 1-bit input vectors, each of the N 1-bit input vectors corresponding
to one of the N bits of the first digital input vector; generating, through the 1-bit DAC
subunit, a sequence of N 1-bit modulator control signals corresponding to the N 1-bit input
vectors; obtatning, from the ADC unit, a sequence of N digitized 1-bit optical outputs

corresponding to the sequence of the N 1-bit modulator control signals; constructing an N-bit
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digital output vector from the sequence of the N digitized 1-bit optical outputs; performing a
nonlinear transformation on the constructed N-bit digital output vector to generate a
transformed N-bit digital output vector; and storing, in the memory unit, the transformed N-
it digital output vector.

[00226] In some implementations, the system can include a memory unit configured to
store the mnput dataset and the neural network weights. The memory umt can include: a
digital input vector memory configured to store the digital input vector and comprising at
least one SRAM; and a neural network weights memory configured to store the plurality of
neural network weights and comprising at least one DRAM.

[00227] In some implementations, the first unit can include a digital to analog converter
(DAC) unit that includes: a first DAC subunit configured to generate the plurality of
modulator control signals; and a second DAC subunit configured to generate the plurality of
weight control signals, wherein the first and second BAC subunits are different.

[00228] In some implementations, the hight source can include: a laser source configured to
generate light; and an optical power splitter configured to spht the light generated by the
laser source into the plurality of light outputs, wherein each of the plurabity of ight outputs
have substantially equal powers.

[00229] In some implementations, the plurality of optical modulators can include one of
MZI modulators, ring resonator modulators, or electro-absorption modulators.

[00230] In some implementations, the photodetection unit can include: a plurality of
photodetectors; and a plurality of amplifiers configured to convert photocurrents generated
by the photodetectors into the plurality of output voltages.

{00231} In some implementations, the integrated circuitry can be an application specific
integrated circuit.

{00232]  In some implementations, the apparatus can include a plurality of optical
wavegiides coupled between the optical modulators and the matrix multiplication unit, in
which the optical input vector can include a set of multiple input values that are encoded on
respective optical signals carried by the opiical waveguides, and each of the optical signals
carried by one of the optical waveguides can include an optical wave having a common
wavelength that 15 substantially identical for all of the optical signals.

[00233] In some implementations, the copying modules can include at least one copying
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module including an optical splitter that sends a predetermined fraction of the power of an
optical wave at an input port to a first output port, and sends the remaining fraction of the
power of the optical wave at the iput port to a second output port.

[00234] In some implementations, the optical splitter can nclude a waveguide optical
splitter that sends a predetermined fraction of the power of an optical wave guided by an
mput optical waveguide to a first output optical waveguide, and sends the remaining fraction
of the power of the optical wave guided by the input optical waveguide to a second output
optical waveguide.

[00235] In some implementations, a guided mode of the input optical waveguide can be
adiabatically coupled to guided modes of each of the first and second output optical
waveguides.

[00236]  In some implementations, the optical splitter can include a beam splitter that
meludes at least one surface that transmits the predetermined fraction of the power of the
optical wave at the input port and reflects the remaming fraction of the power of the optical
wave at the mput port.

[00237] Insome implementations, at least one of the plurality of optical waveguides can
mclude an optical fiber that 1s coupled to an optical coupler that couples a guided mode of
the optical fiber to a free-space propagation mode.

[00238] In some implementations, the multiphication modules can include at least one
coherence-sensitive multiplication module configured to multiply the one or more optical
signals of the first subset by one or more matrix element values using optical amplitude
modulation based on interference between optical waves that have a coherence length at least
as long as a propagation distance through the coherence-sensitive multiplication module.
[0023%9] In some implementations, the coherence-sensitive multiplication module can
include a Mach-Zehnder Interferometer (MZ1)} that splits an optical wave guided by an input
optical waveguide into a first optical waveguide arm of the MZ1 and a second optical
waveguide arm of the MZ1, the first optical waveguide arm includes a phase shifter that
mmparts a relative phase shift with respect io a phase delay of the second optical waveguide
arm, and the MZ] can combine optical waves from the first optical waveguide arm and the
second optical waveguide arm mto at least one output optical waveguide.

[00240]  In some implementations, the MZf can combine optical waves from the first
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optical waveguide arm and the second optical waveguide arm into each of a first output
optical waveguide and a second output optical waveguide, a first photodetector can receive
an optical wave from the first output optical waveguide to generate a first photocurrent, a
second photodetector can receive an optical wave from the second output optical waveguide
to generate a second photocurrent, and a result of the coherence-sensitive multiplication
module can include a difference between the first photocurrent and the second photocurrent.
[00241] In some implementations, the coherence-sensitive multiplication module can
include one or more ring resonators, including at least one ring resonator coupled to a first
optical waveguide and at least one ring resonator coupled to a second optical waveguide.
[00242] In some implementations, a first photodetector can receive an optical wave from
the first optical waveguide to generate a first photocurrent, a second photodetector can
receive an optical wave from the second optical waveguide to generate a second
photocurrent, and a result of the coherence-sensitive multiplication module can include a
difference between the first photocurrent and the second photocurrent,

[00243] In some implementations, the multiplication modules can include at least one
coherence-insensitive multiplication module configured to multiply the one or more optical
signals of the first subset by one or more matrix element values using optical amplitude
modulation based on absorption of energy within an optical wave.

[00244]  In some implementations, the coherence-insensitive multiplication module can
nclude an eleciro-absorption modulator.

[00245]  In some implementations, the one or more summation modules can include at least
one summation module including: (1) two or more input conductors that each carries an
electrical signal in the form of an inpui current whose amplitude represents a respective result
of a respective one of the multiplication modules, and {2) at least one output conductor that
carries the electrical signal that represents the sum of the respective results in the form of an
output current that is proportional to the sum of the input currents.

{00246] In some implementations, the two or more input conductors and the output
conductor can include wires that meet at one or more junctions among the wires, and the
output current can be substantially equal to the sum of the input currents.

[00247] In some implementations, at least a first input current of the mput currents can be

provided in the form of at least one photocurrent generated by at least one photodetector that
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recetves an optical signal generated by a first multiplication module of the multiplication
modules.

[00248] In some implementations the first input current can be provided in the form of a
difference between two photocurrents generated by different respective photodetectors that
recetve different respective optical signals both generated by the first multiphication module.
[00249] In some implementations, one of the copies of the first subset of one or more
optical signals can consist of a single optical signal on which one of the input values is
encoded.

[00250] In some implementations, the multiplication module corresponding to the copy of
the first subset can multiply the encoded input value by a single matrix element value.
[00251] In some implementations, one of the copies of the first subset of one or more
optical signals can include more than one of the optical signals, and fewer than all of the
optical signals, on which multiple input values are encoded.

[00252] In some implementations, the multiphication module corresponding to the copy of
the first subset can multiply the encoded input values by different respective matrix element
values.

[00253]  In some implementations, different multiplication modules corresponding to
different respective copies of the first subset of one or more optical signals can be contained
by different devices that are in optical communication to transnut one of the coptes of the
first subset of one or more optical signals between the different devices.

[00254]  In some implementations, two or more of the plurality of optical waveguides, two
or more of the plurality of copying modules, two or more of the plurality of multiplication
modules, and at least one of the one or more summation modules can be arranged on a
substrate of a common device.

{00255  In some implementations, the device can perform vector-mairix multiplication,
wherein an input vector can be provided as a set of optical signals, and an ouiput vector can
be provided as a set of electrical signals.

[00256] In some implementations, the apparatus can further include an accumulator that
integrates an input electrical signal corresponding to an output of a multiplication module or
a summation module, wherein the input electrical signal can be encoded using a time domain

encoding that uses on-off amplitude modulation within each of multiple time slots, and the
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accumulator can produce an output electrical signal that is encoded with more than two
amplitude levels corresponding to different duty cycles of the time domain encoding over the
multiple time slots.

[00257] In some implementations, the two or more of the multiplication modules each
correspond to a different subset of one or more optical signals.

[00258] In some implementations, the apparatus can further include, for each copy of a
second subset of one or more optical signals, different from the optical signals in the first
subset of one or more optical signals, a multiplication module configured to multiply the one
or more optical signals of the second subset by one or more matrix element values using
optical amplitude modulation.

[00259] In another embodiment a system includes: a memory unit configured to store a
dataset and a plurality of neural network weights; and a driver unit configured to generate a
plurality of modulator control signals. The system includes an optoelectronic processor
including: a light source configured to provide a plurality of light outputs; a plurality of
optical modulators coupled to the light source and the driver unit, the plurality of optical
modulators being configured to generate an optical input vector by modulating the plurality
of light outputs generated by the light source based on the plurality of modulator control
signals; a matrix multiplication unit coupled to the plurality of optical modulators and the
driver unit, the matrix multiplication unit being configured to transform the optical input
vector into an analog output vector based on a plurality of weight control signals; and a
comparator unit coupled to the matrix multiplication unit and configured to convert the
analog output vector into a plurality of digitized 1-bit outputs. The system includes a
controller including integrated circuitry configured to perform operations including:
receiving an artificial neural network computation request comprising an input dataset and a
first plurality of neural network weights, wherein the input dataset comprises a first digital
input vector having a resolution of N bits; storing, in the memory unit, the input
dataset and the first plurality of neural network weights; decomposing the first digital input
vector into N 1-bit input vectors, each of the N 1-bit input vectors corresponding to one of
the N bits of the first digital input vector; generating, through the driver unit, a sequence of N

1-bit modulator control signals corresponding to the N 1-bit input vectors; obtaining, from
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the comparator unit, a sequence of N digitized 1-bit outputs corresponding to the sequence of

the N 1-bit modulator control



25

30

WO 2019/236591 PCT/US2019/035403
52

signals; constructing an N-bit digital output vector from the sequence of the N digitized 1-bit
outputs; performing a nonlinear transformation on the constructed N-bit digital output vector
to generate a transformed N-bit digital output vector; and storing, 10 the memory unit, the
transformed N-bit digital output vector.

[00260] Embodiments of the system can include one or more of the following features. For
example, recerving an artificial neural network computation request can include receiving,
from a general purpose computer, an artificial neural network computation request.

[00261] In some implementations, the driver unit can be configured to generate the
plurality of weight control signals.

[00262] In some implementations, the matrix multiplication unit can include: an optical
matrix multiplication unit coupled to the plurality of optical modulators and the driver unit,
the optical matrix multiplication unit being configured to transform the optical input vector
wto an optical output vector based on the plurality of weight control signals; and a
photodetection unit coupled to the optical matrix multiplication unit and configured to
generate a plurality of output voltages corresponding to the optical cutput vector.

[06263]1 In some implementations, the matrix multiplcation unit can include: an array of
mput waveguides to receive the optical input vector; an optical interference unit, n optical
communication with the array of input waveguides, to perform a hinear transformation of the
optical mput vector into a second array of optical signals; and an array of output waveguides,
m optical communication with the optical interference unit, to guide the second array of
optical signals, wherein at least one input waveguide in the array of input wavegwides is in
optical communication with each output waveguide in the array of cutput waveguides via the
optical interference unit.

[00264] In some implementations, the optical interference unit can include: a plurahity of
interconnected Mach-Zehnder interferometers (MZIs), each MZI in the plurality of
mterconnected MZIs including: a first phase shifter configured to change a splitting ratio of
the MZ1; and a second phase shifter configured to shift a phase of one output of the MZI,
wherein the first phase shifters and the second phase shifters can be coupled to the plurality
of weight control signals.

[00265] In some implementations, the matrix multiphication unit can include: a plurality of

copying modules, including for each of at least two subsets of one or more optical signals of



10

15

20

25

30

53

the optical input vector, a corresponding set of one or more copying modules configured to
split the subset of one or more optical signals into two or more copies of the optical signals; a
plurality of multiplication modules, including for each of at least two copies of a first subset
of one or more optical signals, a corresponding multiplication module configured to multiply
the one or more optical signals of the first subset by one or more matrix element values using
optical amplitude modulation; and one or more summation modules, including for results of
two or more of the multiplication modules, a summation module configured to produce an
electrical signal that represents a sum of the results of the two or more of the multiplication
modules.

[00266] In some implementations, at least one of the multiplication modules can include an
optical amplitude modulator including an input port and two output ports, and a pair of
related optical signals can be provided from the two output ports such that a difference
between amplitudes of the related optical signals corresponds to a result of multiplying an
input value by a signed matrix element value.

[00267] In some implementations, the matrix multiplication unit can be configured to
multiply the input vector by a matrix that includes the one or more matrix element values.
[00268] In some implementations, a set of multiple output values can be encoded on
respective electrical signals produced by the one or more summation modules, and the output
values in the set of multiple output values can represent elements of an output vector that
results from the input vector being multiplied by the matrix.

[00269] In another embodiment, a method for performing artificial neural network
computations in a system having a matrix multiplication unit configured to transform an
optical input vector into an analog output vector based on a plurality of weight control
signals is provided. The method includes: receiving an artificial neural network computation
request comprising an input dataset and a first plurality of neural network weights, wherein
the input dataset comprises a first digital input vector; storing, in a memory unit, the input
dataset and the first plurality of neural network weights; generating a first plurality of
modulator control signals based on the first digital input vector and a first plurality of weight
control signals based on the first plurality of neural network weights; obtaining a first
plurality of digitized outputs corresponding to an output vector of the matrix multiplication

unit, the first plurality of digitized outputs forming a first digital output vector; performing,
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transformation on the first digital output vector to generate a first transformed digital output
vector; storing, in the memory unit, the first transformed digital output vector; and
outputting, by the controller, an artificial neural network output generated based on the first
transformed digital output vector.

[0027C] Embodiments of the method can include one or more of the following features. For
example, recetving an artificial neural network computation request can include receiving the
artificial neural network computation request from a computer through a communication
channel.

[00271] In some implementations, generating a first plurality of modulator control signals
can include generating, through a digital-to-analog converter (DAC) unit, a first plurality of
modulator control signals.

(002721 In some implementations, obtaining a first plurality of digitized outputs can
melude obtanung, from an analog-to-digital conversion (ADC) unit, a first plurality of
digitized outputs.

[00273] In some implementations, the method can include: applying the first plurality of
modulator control signals to a plurality of optical modulators coupled to a hight source and
the DAC unit; and generating, using the plurality of optical modulators, an optical mput
vector by modulating the plurality of hight outputs generated by the laser unit based on the
plurality of modulator control signals.

[00274] In some implementations, the matrix multiplication unit can be coupled to the
plorality of optical modulators and the BAC umit, and the method can include: transforming,
using the matrix multiplication umit, the optical input vector into an analog output vector
based on the plaraiity of weight control signals.

[00275] In some implementations, the ADC unit can be coupled to the matrix
multiplication unit, and the method can include: converting, using the ADC umit, the analog
output vecior mio the first plurality of digitized outputs.

{00276] In some implementations, the matrix multipfication unit can include an optical
mairix multiplication unit coupled to the plurality of optical medulators and the DAC unit.
Transforming the optical input vector into an analog output vector can include transforming,
using the optical matrix multiplication unit, the optical input vector into an optical output

vector based on the plurality of weight control signals. The method can include: generating,



25

30

WO 2019/236591 PCT/US2019/035403
55

using a photodetection unit coupled to the optical matrix multiplication unit, a plurality of
output voltages corresponding to the optical output vector.

{00277} In some implementations, the method can mclude: receiving, at an array of input
waveguides, the optical input vector; performing, using an optical interference unit in optical
communication with the array of input waveguides, a linear transformation of the optical
mput vector into a second array of optical signals; and guiding, using an array of output
waveguides n optical communication with the optical interference unit, the second array of
optical signals, wherein at least one mput waveguide in the array of input waveguides is in
optical communication with each cutput waveguide in the array of output waveguides via the
optical interference unit.

[00278] In some implementations, the optical interference unit can include a plurality of
interconnected Mach-Zehunder interferometers (MZIs), each MZT in the plurality of
mterconnected MZIs can include a first phase shifter and a second phase shifter, and the first
phase shifters and the second phase shifters can be coupled to the plurality of weight control
signals. The method can include: changing a sphitting ratio of the MZI using the first phase
shifter, and shifting a phase of one output of the MZI using the second phase shifter,

[00279]  In some implementations, the method can mclude: for each of at least two subsets
of one or more optical signals of the optical input vector, sphitting, using a corresponding set
of one or more copying modules, the subset of one or more optical signals into two or more
copies of the optical signals; for each of at least two copies of a first subset of one or more
optical signals, multiplying, using a corresponding multiplication module, the one or more
optical signals of the first subset by one or more matrix element values using optical
amplitude modulation; and for results of two or more of the multiplication modules,
producing, using a summation module, an electrical signal that represents a sum of the resulis
of the two or more of the multiplication modules.

[00280] In some implementations, at least one of the multiphication modules can include an
optical amplitude modulator including an input port and two output ports, and a pair of
related optical signals can be provided from the two output ports such that a difference
between amplitudes of the related optical signals corresponds to a result of multiplying an
mput value by a signed matrix element value.

[00281] Insome implementations, the method can include multiplying, using the matrix
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multiplication unit, the input vector by a matrix that includes the one or more matrix element
values.

[00282] In some implementations, the method can include encoding a set of multiple
output values on respective electrical signals produced by the one or more summation
modules; and representing, using the output values in the set of multiple output values,
elements of an output vector that results from the input vector being multiplied by the matrix.
[00283] In another embodiment, a method includes: providing input information in an
electronic format; converting at least a part of the electronic input information into an optical
input vector; optoelectronically transforming the optical input vector into an analog
output vector based on a matrix multiplication; and electronically applying a non-linear
transformation to the analog output vector to provide output information in an electronic
format.

[00284] Embodiments of the method can include one or more of the following features. For
example, the method can further include: repeating the electronic-to-optical converting, the
optoelectronical transforming, and the electronically applied non-linear transforming with
respect to new electronic input information corresponding to the provided output information
in electronic format.

[00285] In some implementations, the matrix multiplication for the initial optoelectronical
transforming and the matrix multiplication of the repeated optoelectronical transforming cam
be the same and correspond to the same layer of an artificial neural network.

[00286] In some implementations, the matrix multiplication for the initial optoelectronical
transforming and the matrix multiplication of the repeated optoelectronical transforming can
be different and correspond to different layers of an artificial neural network.

[00287] In some implementations, the method can further include: repeating the electronic-
to-optical converting, the optoelectronical transforming, and the electronically applied non-
linear transforming with respect to a different part of the electronic input information,
wherein the matrix multiplication for the initial optoelectronical transforming and the matrix
multiplication of the repeated optoelectronical transforming are the same and correspond to a
first layer of an artificial neural network.

[00288] In some implementations, the method can further include: providing intermediate

information in an electronic format based on the electronic output information produced for
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network; and repeating the electronic-to-optical converting, the optoelectronical
transforming, and the electronically applied non-linear transforming with respect to each of
different parts of the electronic intermediate information, wherein the matrix multiplication
for the initial optoelectronical transforming and the matrix multiplication of the repeated
optoelectronical transforming related to the different parts of the electronic intermediate
information can be the same and correspond to a second layer of the artificial neural network.
[00289] In another embodiment, a system for performing artificial neural network
computations is provided. The system includes: a first unit configured to generate a plurality
of vector control signals and to generate a plurality of weight control signals; a second unit
configured to provide an optical input vector based on the plurality of vector control signals;
and a matrix multiplication unit coupled to the second unit and the first unit, the matrix
multiplication unit being configured to transform the optical input vector into an output
vector based on the plurality of weight control signals. The system includes a controller
including integrated circuitry configured to perform operations including: receiving an
artificial neural network computation request comprising an input dataset and a first plurality
of neural network weights, wherein the input dataset comprises a first digital input vector;
and generating, through the first unit, a first plurality of vector control signals based on the
first digital input vector and a first plurality of weight control signals based on the first
plurality of neural network weights; wherein the first unit, the second unit, the matrix
multiplication unit, and the controller are used in an optoelectronical processing loop that is
repeated for a plurality of iterations, and the optoelectronical processing loop includes: (1) at
least two optical modulation operations, and (2) at least one of (a) an electrical summation
operation or (b) an electrical storage operation.

[00290] In another embodiment, a method for performing artificial neural network
computations is provided. The method includes: providing input information in an electronic
format; converting at least a part of the electronic input information into an optical input
vector; and transforming the optical input vector into an output vector based on a matrix
multiplication using a set of neural network weights. The providing, converting, and
transforming are performed in an optoelectronical processing loop that is repeated for a

plurality of iterations using different respective sets of neural network weights and different
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maodulation operations, and (2} at least one of (a) an electrical summation operation or (b} an
electrical storage operation.

[00291] The details of one or more embodiments of the subject matter described in this
specification are set forth in the accompanying drawings and the description below. Gther
features, aspects, and advantages of the invention will become apparent from the description,
the drawings, and the claims.

[00292] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
mvention belongs. In case of conflict with patent applications or patent application
publications incorporated herein by reference, the present specification, including definitions,

will control.

BRIEF DESCRIPTION OF THE DRAWINGS
[00293] The disclosure is best understood from the following detailed description when
read in conjunction with the accompanying drawings. It 1s emphasized that, according to
common practice, the various features of the drawings are not to-scale. On the contrary, the
dimensions of the various features are arbitrarily expanded or reduced for clanty.
[00294] FIG. 1A is a schematic diagram of an example of an artificial neural network
{ANN) computation system.
[00295] FIG. 1B 1s a schematic diagram of an example of an optical matrix multiplication
unit.
[00296] FIGS. 1C and 1D are schematic diagrams of example configurations of
mterconnected Mach-Zehnder interferometers (MZIs).
[00297] FIG. 1E s a schematic diagram of an example of an MZ1
[00298] FIG. 1F ts a schematic diagram of an example of a wavelength division
muliiplexed ANN computation system.
[00299] FIG. 2A 15 a flowchart showing an example of a method for performing an ANN
computation.
[00300]  FIG. 2B 1s a diagram illustrating an aspect of the method of FIG. 2A.
[00301] FIGS. 3A and 3B are schematic diagrams of examples of ANN computation

systems.
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[00302] FIG. 4A is a schematic diagram of an example of an ANN computation system
with 1-bit internal resolution.

[00303] FIG. 4B 1s a mathematical representation of the operation of the ANN computation
system of FIG. 4A.

[00304] FIG. 5 18 a schematic diagram of an example of an artificial neural network (ANN}
computation systerm.

[00305] FIG. 613 a diagram of an example of an optical matrix multiplication unit.

[00306] FIG. 715 a schematic diagram of an example of an artificial neural network (ANN)
computation system.

[00307] FIG. 815 a diagram of an example of an optical matrix multiphication unit.

[00308] FIG. 915 a schematic diagram of an example of an artificial neural network (ANN)
computation system.

(003091 FIG. 10 15 a diagram of an example of an optical matrix multiplication umit.
[00310] FIG. 11 is a diagram of an example of a compact matrix multiplier unit.

[00311] FIG. 12A shows diagrams comparing photonic matrix multiplier units.

[06312] FIG. 12B is a diagram of compact interconnected interferometers.

[00313] FIG. 13 15 a diagram of a compact matrix multiplier unit.

[00314] FIG. 1415 a diagram of an optical generative adversanial network.

[00315] FIG. 15 15 a diagram of a Mach-Zehnder interferometer.

[00316] FIGS. 16, 174, and 17B are diagrams of photonic circuits.

{00317} FIG 1815 a schematic diagram of an example optoelectronic computing system.
[00318] FIGS. 19A and 198 are schematic diagrams of example system configurations.
{00319] FIG. 20A 1s a schematic diagram of an exampie of a symmetric differential
configuration.

{00320} FIGS. 20B and 20C are circuit diagrams of examples of system modules.

[00321] FIG. 21A is a schematic diagram of an example of a symmetric differential
configuration.

[00322] FIG. 21B is a schematic diagram of an example of a system configuration.

{00323} FIG. 22A 15 a schematic diagram of an example optical amplitude modulator.
[00324] FIG 22B-22D are schematic diagrams of examples of optical amplitude

modulators with optical detection in a symmetric differential configuration.
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[00325] ¥FIGS. 23A-23C are optoelectronic circuit diagrams of example system
configurations.

[00326] FIGS. 24A-24E are schematic diagrams of example computing systems using
multiple optoelectronic subsystems.

{00327} FIG. 25 1s a flowchart showing an example of a method for performing an ANN
compuiation.

1003281 FIGS. 26 and 27 are schematic diagrams of examples of ANN computation
systems.

[00329] FIG. 28 15 a schematic diagram of an example of a neural network computation
systern that uses a passive 2D optical matrix multiplication unit.

[00330] FIG. 29 15 a schematic diagram of an example of a neural network computation
systern that uses a passive 3D optical matrix multiplication umt.

[00331] FIG 30 is a schematic diagram of an example of an artificial neural network
computation systern with 1-bit internal resolution, in which the system uses a passive 2D
optical matrix mudtiphication unit.

[06332] FIG. 31 is a schematic diagram of an example of an artificial neural network
computation system with 1-bit internal resolution, in which the system uses a passive 3D
optical matrix multiplication unit,

[00333] FIG. 32A 015 a schematic diagram of an example of an artificial neural network
{ANN)} computation system.

[00334] FIG. 32B 15 a schematic diagram of an example of an optoelectronic matrix
mutftiplication unit.

{00335] FIG 33 is a flow diagram showing an example of a method for performing an
ANN computaiion using an optoelectronic processor.

{00336] FIG. 34 is a diagram iliustrating an aspect of the method of FIG. 33.

[00337] FIG. 35A 1s a schematic diagram of an example of a wavelength division
multiplexed ANN computation system that uses an optoelecironic processor.

[00338] FIGS. 35B and 35C are schematic diagrams of examples of wavelength division
multiplexed optoelectronic matrix multiplication units.

[00339] FIGS. 36 and 37 are schematic diagrams of examples of ANN computation

systems that use optoelectronic matrix multiplication units.
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[00340] ¥IG. 38 is a schematic diagram of an example of an artificial neural network
computation system with I-bit internal resolution, in which the system uses an optoelectronic
matrix multiplication unit.

[00341] FIG. 39A 15 a diagram of an example of a Mach-Zehnder modulator.

[00342] FIG. 398 15 a graph showing the mtensity-vs-voltage curves for the Mach-Zehnder
modulator of FIG. 39A.

[00343] FIG. 40 15 a schematic diagram of a homodyne detector.

[00344] FIG. 41 15 a schematic diagram of a computation system that includes optical
fibers that each carry signals having multiple wavelengths.

[00345] Like reference numbers and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION
[00346] FIG. 1A shows a schematic diagram of an example of an artificial neural network
{ANN) computation system 100. The system 100 includes a controller 110, a memory unit
120, a digital~to-analog converier (DAC) umit 130, an optical processor 140, and an analog-
to-digital converter (ADC) unit 160, The controller 110 iz coupled to a computer 102, the
memory unit 120, the DAC unit 130, and the ADC unit 160. The controller 110 includes
mtegrated circuitry that is configured to control the operation of the ANN computation
system 100 to perform ANN computations.
[00347] The mntegrated circuitry of the controller 110 may be an application specific
mtegrated circuit specifically configured to perform the steps of an ANN computation
process. For example, the integrated circuitry may implement a microcode or a firmware
spectfic to performing the ANN computation process. As such, the controller 110 may have
a reduced set of instructions relative to a general purpose processor used in conventional
computers, such as the computer 102, In some implementations, the integrated circuitry of
the controller 110 may include two or more circuitries configured to perform different steps
of the ANN computation process.
[00348] In an example operation of the ANN computation system 100, the computer 102
may issue an artificial neural network computation request to the ANN computation system
100. The ANN computation request may inclede neural network weighis that define an

ANN, and an input dataset to be processed by the provided ANN. The controller 110
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receives the ANN computation request, and stores the input dataset and the neural network
weights in the memory unit 120,

[0034%9] The input dataset may correspond to various digital information to be processed by
the ANN. Examples of the mput dataset include image files, audio files, LiDAR point cloud,
and GPS coordinates sequences, and the operation of the ANN computation system 100 will
be described based on receiving an image file as the mput dataset. In general, the size of the
mput dataset can vary greatly, from hundreds of data points to mullions of data pomnts or
larger. For exarople, a digital image file with a resolution of 1 megapixel has approximately
one million pixels, and each of the one million pixels may be a data point to be processed by
the ANN. Due to the large number of data points 10 a typical input dataset, the input dataset
15 typically divided into multiple digital input vectors of smaller size to be individually
processed by the optical processor 140, As an example, for a greyscale digital image, the
elements of the digital input vectors may be 8-bit values representing the intensity of the
mage, and the digital input vectors may have a length that ranges from 10°s of elements
{e.g., 32 clements, 64 elements) to hundreds of elements {e.g., 256 elements, 512 elements).
In general, input dataset of arbitrary size can be divided into digital input vectors of a size
suttable for processing by the optical processor 140, In cases where the number of elements
of the mput dataset 1s not divisible by the length of the digital input vector, zero padding can
be used to fill out the data set to be divisible by the length of the digital 1nput vector. The
processed outputs of the imndividual digital input vectors can be processed to reconstruct a
complete output that 1s a result of processing the input dataset through the ANN. In some
implementations, the dividing of the mput data set into multiple input vectors and subsequent
vector-level processing may be implemented using block matrix muldtiplication techniques.
[00350] The neural network weights are a set of values that define the connectivity of the
artificial neurons of the ANN, including the relative importance, or weights, of those
connections. An ANN may include one or more hidden layers with respective sets of nodes.
In the case of an ANN with a single hidden layer, the ANN may be defined by two sets of
neural network weights, one set corresponding to the connectivity between the input nodes
and the nodes of the hidden laver, and a second set corresponding to the connectivity
between the hidden layer and the output nodes. Each set of neural network weights that

describes the connectivity corresponds to a matrix to be implemented by the optical
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processor 140, For ANNs with two or more hidden layers, additional sets of neural network
weights are needed to define the connectivity between the additional hidden layers. As such,
in general, the neural network weights included in the ANN computation request may include
multiple sets of neural network weights that represent the connectivity between various
layers of the ANN.

[003511 As the input dataset to be processed is typically divided into muitiple smalier
digital input vectors for individual processing, the input dataset is typically stored in a digital
memory. However, the speed of memory operations between a memory and a processor of
the computer 102 15 significantly slower than the rate at which the ANN computation system
100 can perform ANN computations. For example, the ANN computation system 100 can
perform tens to hundreds of ANN computations during a typical memory read cycle of the
computer 102, As such, the rate at which ANN computations can be performed by the ANN
computation system 100 may be limited below 1ts full processing rate if an ANN
computation by the ANN computation system 100 involves multiple data transfers between
the system 100 and the computer 102 during the course of processing an ANN computation
request. For example, if the computer 102 were 1o access the input dataset from s own
memory and provide the digital input vectors to the controller 110 when requested, the
operation of the ANN computation system 100 would bikely be greatly slowed down by the
time needed for the series of data transfers that would be needed between the computer 102
and the controller 110, It should be noted that a2 memory access latency of the computer 102
18 typically non-deterministic, which further complicates and degrades the speed at which
digital input vectors can be provided to the ANN computation system 100, Further, the
processor cycles of the computer 102 may be wasted on managing the data transfer between
the computer 102 and the ANN computation system 100.

{00352] Instead, in some implementations, the ANN computation system 100 stores the
entire input dataset in the memory unit 120, which is a part of and 1s dedicated for use by the
ANN computation system 100, The dedicated memory unit 120 allows transactions between
the memory unit 120 and the controller 110 1o be specifically adapted to aliow a smooth and
uninterrupted flow of data between the memory unit 120 and the controller 110. Such
uninterrupted flow of data may significantly improve the overall throughput of the ANN

computation system 100 by allowing the optical processor 140 to perform matrix
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multiplication at its full processing rate without being limited by slow memory operations of
a conventional computer such as the computer 102, Further, because all of the data needed in
performing the ANN computation is provided by the computer 102 to the ANN computation
system 100 in a single transaction, the ANN computation system 100 may perform 1ts ANN
computation in a self-contaimed manner independent of the computer 102, This self-
contained operation of the ANN computation system 100 offfoads the computation burden
from the computer 102 and removes external dependencies n the operation of the ANN
computation system 100, improving the performances of both the system 100 and the
computer 102,

[00353] The mternal operations of the ANN computation system 100 will now be
described. The optical processor 140 includes a laser unit 142, a modulator array 144, a
detection unit 146, and an optical matrix multiphication (OMM) unit 150, The optical
processor 140 operates by encoding a digital input vector of length N onto an optical mput
vector of length N and propagating the optical mput vector through the OMM unit 150, The
OMM unit 150 receives the optical input vector of length N and performs, in the optical
domain, an N x N matrix multiplication on the received optical input vector. The Nx N
matrix multiplication performed by the OM unit 150 15 determined by an internal
configuration of the OMM unit 150. The internal configuration of the OMM umit 150 may
be controlied by electrical signals, such as those generated by the DAC umt 130,

[00354] The OMM unit 150 may be implemented in various ways. FIG. 1B shows a
schematic diagram of an example of the OMM unit 150, The OMM anit 150 may include an
array of input waveguides 152 to receive the optical input vector; an optical interference unit
154 in optical communication with the array of input waveguides 152; and an array of output
waveguides 156 in optical communication with the optical interference unit 154. The optical
mterference unit 154 performs a linear transformation of the optical input vector into a
second array of optical signals. The array of cutput waveguides 1356 guides the second array
of optical signals output by the optical interference unit 154, At least one input waveguide in
the array of input waveguides 152 15 1n optical communication with each output waveguide
in the array of output waveguides 156 via the optical interference unit 154, For example, for
an optical mput vector of length N, the OMM unit 150 may mnclude N input waveguides 152

and N output waveguides 156,
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[00355] 'The optical interference unit may include a plarality of interconnected Mach-
Zehnder interferometers (MZIs). FIGS. 1C and 1D shows schematic diagrams of example
configurations 157 and 158 of interconnected MZIs. The MZIs can be mterconnected in
various ways, such as in configurations 157 or 158 to achieve linear transformation of the
optical input vectors received through the array of input waveguides 152.

[00356] FIG. 1E shows a schematic diagram of an example of an MZI 170. The MZ1
meludes a first input waveguide 171, a second input waveguide 172, a first output waveguide
178, and a second output waveguide 179, Further, each MZI 170 i the plurality of
mterconnected M¥Is include a first phase shifter 174 configured to change a splitting ratio of
the MZI 170; and a second phase shifter 176 configured to shift a phase of one output of the
MZ1, such as the light exiting the MZT 170 through the second output waveguide 179, The
first phase shifters 174 and the second phase shifters 176 of the MZIs 170 are coupled to the
plurality of weight control signals generated by the DAC unit 130, The first and second
phase shifters 174 and 176 are examples of reconfigurable elements of the OMM umit 150,
Examples of the reconfiguring elements include thermo-optic phase shifters or electro-optic
phase shifters. Thermo-optic phase shifters operate by heating the waveguide to change the
refractive mdex of the waveguide and cladding materials, which translates to a change n
phase. Electro-optic phase shifters operate by applying an electric field {e.g., LiNbQO3,
reverse bias PN junctions) or electrical current (e.g., forward bias PIN junctions), which
changes the refractive index of the waveguide material. By varying the weight control
signals, the phase delays of the first and second phase shifters 174 an 176 of each of the
interconnected MZIs 170 can be varied, which reconfigures the optical interference unit 154
of the OMM umt 150 to implement a particolar matrix multiplication that is determined by
the phase delays set across the entire optical interference unit 154. Additional embodiments
of the OMM umt 150 and the optical interference unit are disclosed in U.S. Patent
Publication No. US 2017/0351293 Al titled “APPARATUS AND METHODS FOR
OPTICAL NEURAL NETWORK,” which is fully incorporated by reference herein.
[00357] The optical input vector is generated through the laser unit 142 and the modulator
array 144, The optical input vector of length N has N independent optical signals that each
have an intensity that corresponds to the value of respective element of the digital mput

vector of length N. As an example, the laser unit 142 may generate N light outputs. The N
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light outputs are of the same wavelength, and are optically coherent. Optical coherence of
the light outputs allow the light outputs to optically interfere with each other, which is a
property utilized by the OMM unit 150 (e g, in the operation of the MZ1s). Further, the light
outputs of the laser unit 142 may be substantially identical to each other. For example, the N
light outputs may be substantially uniform in their intensities {e.g., within 5%, 3%, 1%,
0.5%, 0.1% or 0.01 %) and in their relative phases (e.g., within 10 degrees, S degrees, 3
degrees, I degree, 0.1 degree). The uniformity of the light cutputs may improve the
faithfulness of the optical input vector to the digital input vector, improving the overall
accuracy of the optical processor 140. In some implementations, the hight outputs of the laser
unit 142 may have optical powers that range from 0.1 mW to 50 mW per output, wavelengths
in the near infrared range (e.g., between 900 nm and 1600 nm), and linewidths less than 1

nm. The hight outputs of the laser unit 142 may be single transverse-mode light outputs.
[00358] In some implementations, the laser unit 142 includes a single laser source and an
optical power sphitter. The single laser source 15 configured to generate laser light. The
optical power splitter 1s configured to split the hight generated by the laser source 1nto N light
outputs of substantially equal intensities and phase. By splitting a single laser output into
multiple outputs, optical coherence of the multiple light ouiputs may be achieved. The single
laser source may be, for example, a semiconductor laser diode, a vertical-cavity surface-
emitting laser (VCSEL), a distributed feedback (DFB) laser, or a distributed Bragg reflector
{DBR) laser. The optical power sphitter may be, for example, a 1:N multimode interference
{MMI) splitter, a multi-stage sphtter including multiple 1:2 MMI splitter or directional-
couplers, or a star coupler. In some other implementations, a master-slave laser
configuration may be used, where the slave lasers are injection locked by the master laser to
have a stable phase relationship to the master laser.

{00359]  The light outputs of the laser unit 142 are coupled to the modulator array 144.

The modulator array 144 is configured to recerve the fight inputs from the laser unit 142 and
modulate the intensities of the received light inputs based on modulator control signals,
which are electrical signals. Examples of modulators include Mach-Zehnder Interferometer
{MZ1} modulators, ring resonator modulators, and electro-absorption modulators. The
modulator array 144 has N modulators that each recetves one of the N light cutputs of the

laser unit 142, A modulator receives a control signal that corresponds to an element of the
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digital input vector and modulates the intensity of the light. The control signal may be
generated by the DAC unit 130.

{00360] The DAC umt 130 1s configured to generate multiple modulator control signals
and to generate multiple weight control signals under the control of the controller 110. For
example, the DAC unit 130 receives, from the controller 110, a first DAC control signal that
corresponds to the digital input vectors to be processed by the optical processor 140, The
DAC unit 130 generates, based on the first DAC control signal, the modulator control
signals, which are analog signals suitable for driving the modulator array 144, The analog
signals may be voltages or currents, for example, depending on the technology and design of
the modulators of the array 144, The voltages may have an amplitude that ranges from, e.g,,
+0.1 V1o £10 V, and the current may have an amplitude that ranges from, e.g, 100 pA to
100 mA. In some implementations, the DAC unit 130 may include modulator drivers that
are configured to buffer, armoplify, or condition the analog signals so that the modulators of
the array 144 may be adequately driven. For example, some types of modulators may be
driven with a differential control signal. In such cases, the modulator drivers may be
differential drivers that produce a differential electrical output based on a single-ended input
signal. As another example, some types of modulators may have a 3dB bandwidth that is
less than a desired processing rate of the optical processor 140, In such cases, the modulator
drivers may mclude pre-emphasis circuits or other bandwidth-enhancing circuits that are
designed 1o extend the operating bandwidth of the modulators.

[00361] In some cases, the modulators of the array 144 may have nonlinear transfer
functions. For example, a MZI optical modulator may have a nonlinear relationship (eg, a
sinusoidal dependence) between the applied control vohiage and its transmission. In such
cases, the first DAC control signals may be adjusted, or compensated, based on the nonlinear
fransfer function of the modulators such that a linear relationship between the digital input
vectors and the generated optical input vectors can be maintained. Maintaining such linearity
is tyvpically important in ensuring that the input to the OMM unit 150 is an accurate
representation of the digital input vector. In some implementations, the compensation of the
first DAC control signal may be performed by the controller 110 by a lockup table that maps
a value of the digital input vector to a value to be output by the DAC unit 130 such that the

resulting modulated optical signals are hinearly proportional to the elements of the digital
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mput vector. The locokup table may be generated by characterizing the nonlinear transfer
function of the modulator and calculating an inverse function of the nonlinear transfer
function.

[00362]  In some implementations, the nonlingarity of the modulators and resulting
nonlinearity in the generated optical input vectors can be compensated by ANN computation
algorithms.

[00363] The optical input vector generated by the modulator array 144 is input to the
OMM umit 150. The optical input vector may be N spatially separated optical signals that
each have an optical power corresponding to the elements of the digital mmput vector. The
optical power of the optical signals typically range from, e.g,, 1 pW to 10 mW. The OMM
unit 150 receives the optical input vector and performs an N x N matrix multiplication based
on its internal configuration. The internal configuration s controlied by electrical signals
generated by the DAC unit 130, For example, the DAC unit 130 receives, from the
controller 110, a second DAL control signal that corresponds to the neural network weights
to be implemented by the OMM unit 150. The BAC unit 130 generates, based on the second
DAC control signal, the weight control signals, which are analog signals suitable for
controlling the reconfigurable elements within the OMM unit 150, The analog signals may
be voltages or currents, for example, depending on the type of the reconfiguring elements of
the OMM unit 156, The voltages may have an amphtude that ranges from, eg, 0.1 Vio 10
V, and the current may have an amplitude that ranges from, e.g., 100 pA to 10 mA.

[00364] The modulator array 144 may operate at a modulation rate that 1s different from a
reconfiguration rate at which the OMM unit 150 can be reconfigured. The optical input
vector generated by the modulator array 144 propagates through the OMM unitata
substantial fraction of the speed of light (e g., 80%, 50%, or 25% of the speed of light},
depending on the optical properties {&.g., effective index} of the OMM unit 150. Fora
typical OMM unit 150, the propagation time of the optical input vector is in the range of 1 to
10°s of picoseconds, which corresponds to 107s to 100°s of GHz in processing rate. As such,
the rate at which the optical processor 140 can perform matrix multiplication operations is
limited in part by the rate at which the optical input vector can be generated. Modulators
having bandwidths of 10’s of GHz are readily available, and modulators having bandwidth

exceeding 100 GHz are being developed. As such, the modulation rate of the modulator array
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144 may range, for example, from 5 GHz, 8 GHz, or 10’s of GHz t0 100’s of GHz. In order
1o sustain the operation of the modulator array 144 at such modulation rate, the integrated
circuttry of the controlier 110 may be configured to output control signals for the DAC umit
130 at a rate greater than or equal to, for example, 5 GHz, 8 GHz, 10 GHz, 20 GHz, 25 GHz,
50 GHz, or 100 GHz.

[00365] The reconfiguration rate of the OMM unit 150 may be significantly slower than
the modulation rate depending on the type of the reconfigurable elements implemented by
the OMM umt 130, For example, the reconfigurable elements of the OMM unit 150 may be a
thermo-optic type that uses a micro-heater to adjust a temperature of an optical waveguide of
the OMM unit 150, which in turn affects the phase of an optical signal within the OMM unit
150 and leads to matrix multiplication. Dhue to the thermal time constants associated with
heating and cooling of structures, the reconfiguration rate may be limited to 100°s of kHz to
10°s of MHz, for example. As such, the modulator control signals for controlling the
modidator array 144 and the weight control signals for reconfiguring the OMM unit 150 may
have significantly different requiremnents in speed. Further, the electrical characteristics of
the modulator array 144 may differ significantly from those of the reconfigurable elements of
the OMM unit 150,

[00366] To accommodate the different characteristics of the modulator control signals and
the weight control signals, in some implementations, the DAC unit 130 may mclude a first
DAC subunit 132, and a second DAC subunit 134, The first DAC subunit 132 may be
spectfically configured to generate the modulator control signals, and the second DAC
subunit 134 may be specifically configured to generate the weight control signals. For
example, the modulation rate of the modulator array 144 may be 25 GHz, and the first DAC
subunit 132 may have a per-channel outpet update rate of 25 giga-samples per second
{GSPS} and a resolution of & bits or higher. The reconfiguration rate of the OMM unit 150
may be I MHz, and the second DAC subumit 134 may have an output update rate of 1 mega-
samples per second (MSPS) and a resolution of 10 bits. Implementing separate DAC subunits
132 and 134 aliows independent optimization of the DAC subunits for respective signals,
which may reduce the fotal power consumption, complexity, cost, or combination thereof of

the DAC unit 130. It should be noted that while the DAC subunits 132 and 134 are described
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as sub elements of the DAC unit 130, in general, the DAC subunits 132 and 134 may be
integrated on a common chip, or be implemented as separate chips.

[00367] Based on the different characteristics of the first DAC subunit 132 and the second
DAC subunit 134, 10 some implementations, the memory unit 120 may include a first
memory subunit and a second memory subunit. The first memory subunit may be a memory
dedicated to storing of the input dataset and the digital input vectors, and may have an
operating speed sufficient to support the modulation rate. The second memory subunit
maybe a memory dedicated to storing of the neural network weights, and may have an
operation speed sufficient to support the reconfiguration rate of the OMM unit 150, In some
implementations, the first memory suburut may be implemented using SRAM and the second
memory subunit may be implemented using DRAM. In some implementations, the first and
second memory subunits may be implemented using DRAM. In some implementations, the
first memory unit may be implemented as a part of or as a cache of the controller 110. In
some irplementations, the first and second memory subunits may be implemented by a
single physical memory device as different address spaces.

[00368] The OMM unit 150 outputs an optical output vector of length N, which
corresponds to the result of the N x N matrix multiplication of the optical input vector and
the neural network weights. The OMM unit 150 15 coupled to the detection unit 146, which
18 configured to generate N output voltages corresponding to the N optical signals of the
optical output vector. For example, the detection unit 146 may include an array of N
photodetectors configured to absorb the optical signals and generate photocurrents, and an
array of N transimpedance amplifiers configured to convert the photocurrents into the output
voltages. The bandwidths of the photodetectors and the transimpedance amplifiers may be
set based on the modulation rate of the modelator array 144, The photodetectors may be
formed from various materials based on the wavelengths of the optical output vector being
detected. Examples of the materials for photodetectors include germanium, silicon-
germanium alloy, and indium gallium arsenide (InGaAs).

[00369] The detection unit 146 1s coupled to the ADC umit 160, The ADC umt 160 15
configured to convert the N output voltages into N digitized optical outputs, which are
quantized digital representations of the output voltages. For example, the ADC unit 160 may

be an N channel ADC. The controller 110 may obtain, from the ADC unit 160, the N
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digitized optical outputs corresponding to the optical output vector of the optical matrix
multiplication unit 130, The controlier 110 may form, from the N digitized optical outputs, a
digital output vector of length N that corresponds to the result of the N x N matrix
multiplication of the input digital vector of length N.

[0037C] Various electrical components of the ANN computation system 100 may be
mtegrated in various ways. For example, the controller 110 may be an application specific
mtegrated circuit that 1s fabricated on a semiconductor die. Other electrical components,
such as the memory unit 120, the DAC unit 130, the ADC unit 160, or combination thereof
may be monolithically integrated on the semiconductor die on which the controller 1101
fabricated. As another example, two or more electrical components can be integrated as a
System-on-Chip (50C). Tn a SoC implementation, the controller 110, the memory unit 120,
the DAC unit 130, and the ADC unit 160 may be fabricated on respective dies, and the
respective dies may be integrated on a common platform {e.g., an interposer) that provides
electrical connections between the integrated components. Such SoC approach may allow
faster data transfer between the electronic components of the ANN computation system 100
relative to an approach where the components are separately placed and routed on a printed
circutt board (PCB), thereby improving the operating speed of the ANN computation system
100. Further, the SoC approach may allow use of different fabrication technologies
optimized for different electrical components, which may improve the performance of the
different components and reduce overall costs over a monolithic miegration approach. While
the integration of the controller 110, the memory unit 120, the BAC unit 130, and the ADC
unit 160 has been described, 10 general, a subset of the components may be integrated while
other components are implemented as discrete components for various reasons, such as
performance or cost. For example, in some implementations, the memory unit 120 may be
integrated with the controlier 110 as a functional block within the controller 110.

[00371] Various optical components of the ANN computation system 100 may also be
integrated n various ways. Examples of the optical components of the ANN computation
system 100 include the laser unit 142, the modulator array 144, the OMM unit 150, and the
photodetectors of the detection unit 146. These optical components may be integrated in
various ways to improve performance and/or reduce cost. For example, the laser unit 142,

the modulator array 144, the OMM unit 150, and the photodetectors may be monolithically
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ntegrated on a common semiconductor substrate as a photonic integrated circuit (PIC). Ona
photonic integrated circuit formed based on a compound semiconductor material system
{e.g., HI-V compound semiconductors such as In¥), lasers, modulators such as electro-
absorption modulators, waveguides, and photodetectors may be monolithically integrated on
a single die. Such monolithic integration approach may reduce the complexities of aligning
the mputs and outputs of various discrete optical components, which may require alignment
accuracies ranging from sub-micron to a few microns. As another example, the laser source
of the laser unit 142 may be fabricated on a compound-semiconductor die, while the optical
power splitter of the laser unit 142, the modulator array 144, the OMM unit 150, and the
photodetectors of the detection umit 146 may be fabricated on a silicon die. PICs fabricated
on a silicon wafer, which may be referred to as silicon photonics technology, typically has a
greater integration density, higher lithographic resolution, and lower cost relative to the T1-V
based PICs. Such greater integration density may be beneficial in fabrication of the OMM
unit 150, as the OMM anit 150 typically includes 107°s to 100°s of optical components such
as power sphitters and phase shifters. Further, the higher lithographic resolution of the silicon
photonics technology may reduce fabrication variation of the OMM unit 150, improving the
accuracy of the OMM umt 150.

[00372] The ANN computation system 100 may be implemented in a variety of form
factors. For example, the ANN computation system 100 may be implemented as a ¢o-
processor that 13 plugged into a host computer. Such system 100 may have, for example, a
form factor of a PCT express card and communicate with the host computer over the PCle
bus. The host computer may host multiple co-processor type ANN computation systems
100, and be connected to the computer 102 over a network. This type of implementation
may be suitable for a use in a cloud datacenter where racks of servers may be dedicated to
processing ANN computation requests received from other computers or servers. As another
example, the co-processor type ANN compuiation system 100 may be plugged directly into
the computer 102 issuing the ANN computation requests.

[00373] Insome implementations, the ANN computation system 100 may be iniegrated
onto a physical sysiem that requires real-time ANN computation capability. For example,
systems that rely heavily on real-time artificial intelligence tasks such as autonomous

vehicles, autonomous drones, object- or face-recognizing security cameras, and various
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Internet-of-Things (1oT) devices may benefit from having ANN computation system 100
directly integrated with other subsystems of such systems. Having directly-integrated ANN
computation system 100 can enable real-time artificial mntelligence in devices with poor or no
internet connectivity, and enhance the reliability and availability of mission-critical artificial
intelligence systems.

[00374] While the DAC unit 130 and the ADC unit 160 are illusirated to be coupled to the
controller 110, in some implementations, the DAC unit 130, the ADC unit 160 or both may
alternatively, or additionally, be coupled to the memory unit 120, For example, a direct
memory access (DMA) operation by the DAC unit 130 or the ADC unit 160 may reduce the
computation burden on the controller 110 and reduce latency in reading from and writing to
the memory unit 120, further improving the operating speed of the ANN computation unit
100.

[00375] FIG. 2 shows a flowchart of an example of a method 200 for performing an ANN
computation. The steps of the process 200 may be performed by the controlier 110, In some
mmplementations, various steps of method 200 can be ran in parallel, in combination, in
loops, or n any order.

[00376] At 210, an artificial neural network (ANN} computation request comprising an
mput dataset and a first plurality of neural network weights 15 received. The nput dataset
mcludes a first digital input vector. The first digital input vector 15 a subset of the input
dataset. For example, it may be a sub-region of an image. The ANN computation request
may be generated by various entities, such as the computer 102, The computer may include
one or more of various types of computing devices, such as a personal computer, a server
computer, a vehicle computer, and a flight computer. The ANN computation request
generally refers to an electrical signal that notifies or informs the ANN computation system
100 of an ANN computation to be performed. In some implementations, the ANN
computation request may be divided into two or more signals. For example, a first signal
may query the ANN computation system 100 to check whether the system 100 is ready to
receive the input dataset and the first plurality of neural network weights. In responseioa
positive acknowledgement by the system 100, the computer may send a second signal that
includes the input dataset and the first plurality of neural network weights.

[00377] At 220, the input dataset and the first plurality of neural network weights are
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stored. The controller 110 may store the mput dataset and the first plurality of neural
network weights in the memory unit 120, Storing of the input dataset and the first plurality
of neural network weights in the memory unit 120 may allow flexibilities in the operation of
the ANN computation system 100 that, for example, can improve the overall performance of
the system. For example, the input dataset can be divided into digital input vectors of a set
size and format by retrieving desired portions of the input dataset from the memory unit 120
Different portions of the input dataset can be processed in various order, or be shuffled, to
allow various types of ANN computations to be performed. For example, shuftling may
allow matrix multiplication by block matrix multiplication technique in cases where the input
and output matrix sizes are different. As another example, storing of the input dataset and
the first plurality of neural network weights in the memory unit 120 may allow queuing of
multiple ANN computation requests by the ANN computation system 100, which may allow
the system 100 to sustain operation at us full speed without periods of inactivity.

[00378]  In some implementations, the input dataset may be stored in the first memory
subunit, and the first plurality of neural network weights may be stored in the second
memory subunit.

[00379] At 230, a first plurality of modulator control signals 1s generated based on the first
digital input vector and a first plurality of weight control signals 15 generated based on the
first plurality of neural network weights. The controlier 110 may send a first BAC control
signal to the DAC unit 130 for generating the first plurality of modulator control signals.
The DAC unit 130 generates the first plurality of modulator control signals based on the first
DAC control signal, and the modulator array 144 generates the optical input vector
representing the first digital input vector.

{00380} The first DAC control signal may include multiple digital values to be converted
by the DAC unit 130 into the first plurality of modulator control signals. The multiple digital
values are generally in correspondence with the first digital input vector, and may be related
through various mathematical relationships or look-up tables. For example, the multiple
digiial values may be linearly proportional to the values of the elements of the first digital
mput vector. As another example, the multiple digital values may be related to the elements

of the first digital input vector through a look-up table configured to maintain a linear
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relationship between the digital input vector and the optical input vector generated by the
modulator array 144,

{00381] The controller 110 may send a second DAC conirol signal to the DAC unit 130 for
generating the first plurality of weight control signals. The DAC unit 130 generates the first
plurality of weight control signals based on the second DAC control signal, and the OMM
unit 150 1s reconfigured according to the first plurality of weight control signals,
mmplementing a mairix corresponding to the first plurality of neural network weights.

[00382] The second DAC conirol signal may include multiple digital values to be
converted by the DAC unit 130 into the first plurality of weight control signals. The multiple
digital values are generally in correspondence with the first plurality of neural network
weights, and may be related through various mathematical relationships or look-up tables.
For example, the multiple digital values may be linearly proportional to the first plurality of
neural network weights. As another example, the multiple digital values may be calculated
by performing various mathematical operations on the first plurality of neural network
weights to generate weight control signals that can configure the OMM unit 150 to perform a
matrix multiplication corresponding to the first plurality of neural network weights,

[00383]  In some implementations, the first plurality of neural network weights representing
a matrix M may be decomposed through singular value decomposition (SVD) method into
M=USV*, where U 1s an M x M unitary matrix, S 15 an M x N diagonal matrix with non-
negative real numbers on the diagonal, and V* 1s the complex conjugate of an N x N unitary
matrix V. In such cases, the first plurality of weight control signals may include a first
plurality of OMM unit control signals corresponding to the matrix V, and a second plurality
of OMM umt control signal corresponding to the matrix S. Further, the OMM unit 150 may
be configured to have a first OMM subunit configured to implement the matrix V, a second
OMM subunit configured to implement matrix S, and a third OMM subunit configured to
implement matrix U such that the OMM unit 150 as a whole implements the matrix M. The
SVD method is further described in U8, Patent Publication No. US 2017/0351293 Al titled
“APPARATUS AND METHODS FOR OPTICAL NEURAL NETWORK,” which is fully
incorporated by reference herein.

[00384] At 2490, a first plurahity of digitized optical outputs corresponding to the optical

output vector of the optical matrix multiplication unit 1s obtained. The optical mnput vector
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generated by the modulator array 144 is processed by the OMM unit 150 and transformed
into an optical output vector. The optical output vector is detected by the detection unit 146
and converted into electrical signals that can be converted into digitized values by the ADC
unit 160, The controller 110 may, for example, send a conversion request to the ADC unit
160 to begin a conversion of the voltages cutput by the detection unit 146 into digitized
optical outputs. Once the conversion is complete, the ADC unit 160 may send the
conversion result to the controller 110, Alternatively, the controlier 110 may retrieve the
conversion result from the ADC unit 160. The controller 110 may form, from the digitized
optical outputs, a digital output vector that corresponds to the result of the matrix
multiplication of the input digital vector. For example, the digitized optical outputs may be
organized, or concatenated, to have a vector format.

[00385] In some implementations, the ADC unit 160 may be set or controlled to perform
an ADC conversion based on a DAC control signal issued to the DAC unit 130 by the
controller 110, For example, the ADC conversion may be set to begin at a preset time
following the generation of the modulation control signal by the BAC unit 130, Such control
of the ADC conversion may simplify the operation of the controlier 110 and reduce the
number of necessary control operations.

[00386] At 250, a nonlinear transformation 18 performed on the first digital output vector to
generate a first transformed digital output vector. A node, or an artificial neuron, of an ANN
operates by first performing a weighted sum of the signals received from nodes of a previous
layer, then performing a nonlinear transformation (“activation”) of the weighted sum to
generate an ouiput. Various types of ANN may implement various types of differentiable,
nonlinear transformations. Examples of noniinear transformation functions include a
rectified linear unit (RELU} function, a Sigmoid function, a hyperbolic tangent function, an
X2 function, and a | X! function. Such nonlinear transformations are performed on the first
digital output by the controller 110 to generate the first transformed digital output vecior. In
some implementations, the nonlinear transformations may be performed by a specialized
digiial integrated circuitry within the controller 110, For example, the controller 110 may
include one or more modules or circuit blocks that are specifically adapted to accelerate the
computation of one or more types of nonlinear transformations.

[00387] At 260, the first transformed digital output vector 1s stored. The controller 110
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may store the first transformed digital output vector in the memory unit 120, In cases where
the input dataset is divided into multiple digital input vectors, the first transformed digital
output vector corresponds to a result of the ANN computation of a portion of the input
dataset, such as the first digital input vector. As such, storing of the first transformed digutal
output vecior allows the ANN computation system 100 to perform and store additional
computations on other digital input vectors of the mput dataset to later be aggregated mnto a
single ANN output.

[00388] At 270, an artificial neural network output generated based on the first fransformed
digital output vector is output. The controller 110 generates an ANN output, which is a result
of processing the input dataset through the ANN defined by the first plurality of veural
network weights. In cases where the input dataset 1s divided into multiple digital input
vectors, the generated ANN output 15 an aggregated output that includes the first transformed
digital output, but may further include additional transformed digital outputs that correspond
1o other portions of the input dataset. Once the ANN ocutput is generated, the generated
output 15 sent to a computer, such as the computer 102, that originated the ANN computation
request.

[00389]  Various performance metrics can be defined for the ANN computation system 100
mplementing the method 200, Defining performance metrics may allow a comparison of
performance of the ANN computation system 100 that implements the optical processor 140
with other systems for ANN computation that instead implement electronic matrix
multiplication units. In one aspect, the rate at which an ANN computation can be performed
may be indicated in part by a first loop period defined as a time elapsed between the step 220
of storing, 1n the memory unit, the input dataset and the first plurality of neural network
weights, and the step 260 of storing, in the memory umt, the first transformed digital output
vector. This first loop period therefore includes the time taken in converting the electrical
signals into optical signals {e.g., step 230}, performing the matrix multiplication in the optical
domain, and converting the result back into the electrical domain (e.g., step 240). Steps 220
and 260 both mvolves storing of data into the memory umt 120, which are steps shared
between the ANN computation system 100 and conventional ANN computation system
systems without the optical processor 140, As such, the first loop period measuring the

memory-to-memory transaciion time may allow a realistic or fair comparison of ANN



25

30

WO 2019/236591 PCT/US2019/035403
78

computation throughput to be made between the ANN computation system 100 and ANN
computation systems without the optical processor 140, such as systems implementing
electronic matrix multiplication units,

{00390} Due to the rate at which the optical input vectors can be generated by the
modulator array 144 {e.g., at 25 GHz) and the processing rate of the OMM unit 150 (e g, >
100 GHz), the first loop period of the ANN computation systerm 100 for perfornung a single
ANN computation of a single digital input vector may approach the reciprocal of the speed of
the modulator array 144, e.g., 40 ps. After accounting for latencies associated with the signal
generation by the DAC untt 130 and the ADC conversion by the ADC unit 160, the first loop
period may, for example, be less than or equal to 100 ps, less than or equal to 200 ps, less
than or equal to SO0 ps, less than or equal to 1 ns, less than or equal to 2 ns, less than or equal
to 5 ns, or less than or equal to 10 ns.

[00391]  As a comparison, execution time of a multiplication of an M x 1 vector and an M x
M matrix by an electronic matrix multiplication unit 1s typically proportional to M2 - 1
processor clock cycles. For M=32, such multiplication would take approximately 1024
cycles, which at 3 GHz clock speed results in an execution time exceeding 300 ns, which 1s
orders of magmitude slower than the furst loop period of the ANN computation system 100
[00392] In some implementations, the method 200 further includes a step of generating a
second plurabity of modulator control signals based on the first transformed digital output
vector. Iun some types of ANN computations, a single digital input vector may be repeatedly
propagated through, or processed by, the same ANN. An ANN that implements multi-pass
processing may be referred to as a recurrent neural network (RNN}Y. A RNN 1s a neural
network in which the output of the network during a (k}th pass through the neural network is
recircuiated back to the input of the neural network and used as the input during the (k-+1)th
pass. RINNs may have various applications in paitern recognition tasks, such as speech or
handwriting recognition. Once the second plurality of modulator control signals are
generaied, the method 200 may proceed from step 240 through step 260 to complete a second
pass of the first digital input vector through the ANN. In general, the recirculation of the
transformed digital output to be the digital input vector may be repeated for a preset number
of cycles depending of the characteristics of the RINN received in the ANN computation

request.
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[00393] In some implementations, the method 200 further includes a step of generating a
second plurality of weight control signals based on a second plurality of neural network
weights. In some cases, the artificial neural network computation request further includes a
second plurality of neural network weights. In general, an ANN has one or more hidden
layers in addition to the input and output layers. For ANN with two hidden lavers, the
second plurality of neural network weights may correspond, for example, to the connectivity
between the first layer of the ANN and the second layer of the ANN. To process the first
digital input vector through the two hidden lavers of the ANN, the first digital input vector
may first be processed according to the method 200 up to step 260, at which the result of
processing the first digital input vector through the first hidden layer of the ANN 1s stored n
the memory unit 120. The controller 110 then reconfigures the OMM unit 150 to perform
the matrix multiplication corresponding to the second plurality of neural network weights
associated with the second hidden laver of the ANN. Once the OMM unit 150 i3
reconfigured, the method 200 may generate the plurality of modulator control signals based
on the first transformed digital output vector, which generates an updated optical input vector
corresponding to the output of the first hidden laver. The updated optical mput vector 1s then
processed by the reconfigured OMM unit 150 which corresponds to the second hidden layer
of the ANN. In general, the described steps can be repeated until the digital input vector has
been processed through all hidden layers of the ANN.

[00394] As previously described, in some implementations of the OMM unit 150, the
reconfiguration rate of the OMM unit 150 may be significantly slower than the modulation
rate of the moduiator array 144. In such cases, the throughput of the ANN computation
system 100 may be adversely impacted by the amount of time spent in reconfiguring the
OMM unit 150 dering which ANN computations cannot be performed. To mitigate the
impact of the relatively slow reconfiguration time of the OMM unit 150, batch processing
techniques may be utilized in which two or more digital input vectors are propagated through
the OMM unit 150 without a configuration change to amortize the reconfiguration time over
a larger number of digital input vectors.

[00395] FIG. 2B shows a diagram 290 illustrating an aspect of the method 200 of FIG. ZA.
For an ANN with two hidden lavers, instead of processing the first digital input vector

through the first hidden layer, reconfiguring the OMM unit 150 for the second hidden layer,
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processing the first digital input vector through the reconfigured OMM unit 150, and
repeating the same for the remaining digital input vectors, all digital input vectors of the
mput dataset can be first processed through the OMM unit 150 configured for the first hidden
layer {configuration #1) as shown in the upper portion of the diagram 290. Once all digital
mput vectors have been processed by the OMM unit 150 having configuration #1, the OMM
unit 150 1s reconfigured into configuration #2, which correspond to the second hidden layer
of the ANN. This reconfiguration can be significantly slower than the rate at which the input
vectors can be processed by the OMM unit 150, Once the OMM unit 150 is reconfigured for
the second hidden layer, the output vectors from the previous hidden layer can be processed
by the OMM unit 150 in a batch. For large input datasets having tens or hundreds of
thousands of digital input vectors, the impact of the reconfiguration time may be reduced by
approximately the same factor, which may substantially reduce the portion of the time spent
by the ANN computation system 100 in reconfiguration.

[06396]  To implement batch processing, in some implementations, the method 200 further
mcludes steps of generating, through the DAC unit, a second plurality of modulator control
signals based on the second digital input vector; obtamning, from the ADC umit, a second
plurality of digitized optical outputs corresponding to the optical output vector of the optical
matrix multiphication unit, the second plurality of digitized optical outputs forming a second
digital ouiput vector; performing a nonlinear transformation on the second digital output
vector to generate a second transformed digstal output vector; and storing, 1n the memory
unit, the second transformed digital output vector. The generating of the second plurality of
modulator control signals may follow the step 260, for example. Further, the ANN output of
step 270 in this case is now based on both the first transformed digital output vector and the
second transformed digital output vector. The obtaining, performing, and storing steps are
analogous to the steps 240 through 260.

[00397] The batch processing technique is one of several techniques for improving the
throughput of the ANN computation system 100. Another technique for improving the
throughput of the ANN computation system 100 is through parallel processing of muhiiple
digital input vectors by utilizing wavelength division multiplexing (WDM). WDMisa
technigue of simultaneously propagating multiple optical signals of different wavelengths

through a common propagation channel, such as a waveguide of the OMM unit 150, Unlike
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electrical signals, optical signals of different wavelengths can propagate through a common
channel without affecting other optical signals of different wavelengths on the same channel.
Further, optical signals can be added {(multiplexed) or dropped {demultiplexed} from a
common propagation channel using well-known structures such as optical multiplexers and
demultiplexers.

[00398] In context of the ANN computation system 100, multiple optical input vectors of
different wavelengths can be independently generated, simultaneously propagated through
the OMM umt 130, and independently detected to enhance the throughput of the ANN
computation system 100, Referring to FIG. 1F, a schematic diagram of an example of a
wavelength division multiplexed (WDM) artificial neural network (ANN) computation
system 104 s shown. The WDM ANN computation system 104 1s similar to the ANN
computation system 100 unless otherwise described. In order to implement the WDM
technigue, in some implementations of the ANN computation system 104, the laser unit 142
1s configured to generate multiple wavelengths, sach as A1, A2, and A3, The multiple
wavelengths may preferably be separated by a wavelength spacing that 1s sufficiently large to
allow easy multiplexing and demultiplexing onto a common propagation channel. For
example, the wavelength spacing greater than 0.5 nm, 1.0 nm, 2.0 nm, 3.0 nm, or 5.0 nm may
allow simple multiplexing and demultiplexing. On the other hand, the range between the
shortest wavelength and the longest wavelength of the multiple wavelengths (“WDM
bandwidth”) may preferably be sufficiently small such that the characteristics or performance
of the OMM umit 150 remain substantially the same across the multiple wavelengths. Optical
components are typically dispersive, meaning that their optical characteristics change as a
function of wavelength. For example, a power splitting ratio of an MZ1 may change over
wavelength. However, by designing the OMM unit 150 to have a sufficiently large operating
wavelength window, and by limiting the wavelengths to be within that operating wavelength
window, the optical output vector output by the OMM unit 150 at each wavelength may bea
sufficiently accurate result of the matrix multiplication implemented by the OMM unit 150.
The operating wavelength window may be, for example, 1 nm, 2 nm, 3 nm, 4 am, 5 nm, 10
nm, or 20 nm.

[00399] FIG. 39A shows a diagram of an example of a Mach-Zehnder modulator 3900 that

can be used to modulate the amplitude of an optical signal. The Mach-Zehnder modulator
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3900 includes two 1x2 port multi-mode interference couplers (MM 1x2) 3902a and 3902b,
two balanced arms 3904a and 3904b, and a phase shifter 3906 in one arm {or one phase
shifter in each arm). When a voltage 15 applied to the phase shifter in one arm through signal
lines 3908, there will be a phase difference between the two arms 3904a and 3904b that will
convert to the amplitude modulation. The 1x2 port multi-mode interference couplers 3902a
and 3902b and the phase shifter 3906 are configured o be broadband photonic components,
and the optical path lengths of the two arms 39044 and 3904b are configured to be equal
This enables the Mach-Zehnder modulator 3900 to work in a broad wavelength range.
[00400] FIG. 39B 15 a graph 3910 that shows the intensity~vs-voltage curves for the Mach-
Zehnder modulator 3900 using the configuration shown in FIG. 39A for wavelengths 1530
nm, 1550 nm, and 1570 nm. The graph 3910 shows that the Mach-Zehnder modulator 3900
has similar intensity-vs-voltage characteristics for different wavelengths in the range from
15330 nm to 1570 nm.

[00401] Referring back to FIG. 1F, the modulator array 144 of the WDM ANN
computation syvstem 104 mcludes banks of optical modulators configured to generate a
plurality of optical input vectors, each of the banks corresponding to one of the multiple
wavelengths and generating respective optical input vector having respective wavelength.
For example, for a system with an optical mput vector of length 32 and 3 wavelengths {(e.g.,
A1, 22, and A3}, the modulator array 144 may have 3 banks of 32 modulators each. Further,
the modulator array 144 also includes an optical multiplexer configured to combine the
plorality of optical input vectors o a combined optical input vector including the plurality
of wavelengths. For example, the optical muitiplexer may combine the outputs of the three
banks of modulators at three different wavelengths into a single propagation channel, such as
a waveguide, for each element of the optical input vector. As such, returning 1o the example
above, the combined optical input vector would have 32 optical signals, each signal
containing 3 wavelengths.

{00402]  Additionally, the detection unit 146 of the WDM ANN computation system 104 is
further configured to demultiplex the multiple wavelengths and to generate a plurality of
demultiplexed output voltages. For example, the detection unit 146 may include a
demultiplexer configured to demultiplex the three wavelengths contained in each of the 32

signals of the multi-wavelength optical output vector, and route the 3 single-wavelength
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optical output vectors to three banks of photodetectors coupled to three banks of
transimpedance amplifiers.

[00403]  Additionally, the ADC unit 160 of the WDM ANN computation system 104
includes banks of ADCs configured to convert the plurality of demultiplexed output voltages
of the detection unit 146. Each of the banks corresponds to one of the multiple wavelengths,
and generates respective digitized demultiplexed optical outputs. For example, the banks of
ADCs may be coupled to the banks of transimpedance amplifiers of the detection umit 146,
[00404] The controller 110 may implement a method analogous to the method 200 but
expanded to support the multi-wavelength operation. For example, the method may include
the steps of obtaining, from the ADC unit 160, a plurality of digitized demultiplexed optical
outputs, the plurahity of digitized demultiplexed optical outputs forming a plurality of first
digital output vectors, wherein each of the plurality of first digital cutput vectors corresponds
to one of the plurality of wavelengths; performing a nonlinear transformation on each of the
plurality of first digital output vectors to generate a plurality of transformed first digital
output vectors; and storing, in the memory unit, the plurality of transformed first digital
output vectors,

(004051 In some cases, the ANN may be specifically designed, and the digital input vectors
may be specifically formed such that the multi-wavelength optical output vector can be
detected without demultiplexig. In such cases, the detection unit 146 may be a wavelength-
msensitive detection unit that does not demultiplex the multiple wavelengths of the multi-
wavelength optical output vector. As such, each of the photodetectors of the detection unit
146 effectively sums the multiple wavelengths of an optical signal into a single photocurrent,
and each of the voltages cutput by the detection unit 146 corresponds to an element-by-
clement sum of the matrix multiplication results of the multiple digital input vectors.

{00406]  So far, the nonlinear transformations of the weighted sums performed as part of
the ANN computation was performed in the digital domain by the controlier 110. In some
cases, the nonlinear transformations may be computationally iniensive or power hungry, add
significantly to the complexity of the controller 110, or otherwise limit the performance of
the ANN computation system 100 in terms of throughput or power efficiency. As such, in
some implementations of the ANN computation system, the nonlinear transformation may be

performed in the analog domain through analog electronics.
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[00407] ¥I1G. 3A shows a schematic diagram of an example of an ANN computation
system 300. The ANN computation system 300 is similar to the ANN computation system
100, but differs in that an analog nonlinearity unit 310 has been added. The analog
nonlimearity unit 310 15 arranged between the detection unit 146 and the ADC unit 160, The
analog nonlinearity unit 310 s configured to recetve the output voltages from the detection
unit 146, apply a nonlinear transfer function, and output transformed output voltages 1o the
ADC unit 160,

[00408]  As the ADC unit 160 receives voltages that have been nonlinearly transformed by
the analog nonlinearity unit 310, the controller 110 may obtain, from the ADC umit 160,
transformed digitized output voltages corresponding to the transformed output voltages.
Because the digitized output voltages obtained from the ADC umit 160 have already been
nonlinearly transformed (“activated”), the nonlinear transformation step by the controller 110
can be omitted, reducing the computation burden by the controller 110. The first transformed
voltages obtained directly from the ADC umit 160 may then be stored as the furst transformed
digital cutput vector in the memory unit 120,

[004091 The analog nonlinearity unit 310 may be implemented in various ways. For
example, high-gain amphifiers 11 feedback configuration, comparators with adjustable
reference voltage, nonlinear IV characteristics of a diode, breakdown behavior of a diode,
nonlinear CV characteristics of a variable capacitor, or nonlinear IV characteristics of a
variable resistor can be used to implement the analog nonlineartty unit 310

[00410]  Use of the analog nonbinearity unit 310 may wmprove the performance, such as
throughput or power efficiency, of the ANN computation system 300 by reducing a step to be
performed in the digital domain. The moving of the nonlinear transformation step out of the
digital domain may allow additional flexibility and improvements in the operation of the
ANN computation systems. For example, in a recurrent neural network, the output of the
OMM unit 150 is activated, and recirculated back to the input of the OMM unit 150, The
activation is performed by the controller 110 in the ANN computation system 100, which
necessitates digitizing the output voltages of the detection unit 146 at every pass through the
OMM unit 150. However, because the activation is now performed prior to digitization by
the ADC unit 160, it may be possible to reduce the number of ADC conversions needed mn

performing recurrent neural network computations.
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[00411] Insome implementations, the analog nonlinearity unit 310 mayv be mtegrated into
the ADC unit 160 as a nonlinear ADC unit. For example, the nonlinear ADC unit can be a
linear ADC unit with a nonlinear lookup table that maps the linear digitized outputs of the
linear ADC unit into desired nonlinearly transformed digitized outputs.

[00412] FIG. 3B shows a schematic diagram of an example of an ANN computation
system 302, The ANN computation system 302 is similar to the system 300 of FIG. 3A, but
differs n that it further includes an analog memory unit 320. The analog memory unit 320 1
coupled to the DAC unit 130 (e.g., through the first DAC subunit 132), the modulator array
144, and the analog nonlinearity unit 310. The analog memory unit 320 includes a
multiplexer that has a first input coupled to the DAC unit 130 and a second input coupled to
the analog nonlinearity unit 310. This allows the analog memory unit 320 to receive signals
from either the DAC unit 130 or the analog nonlinearity unit 310. The analog memory unit
320 1s configured to store analog voltages and to output the stored analog voltages.

{00413] The analog memory unit 320 may be implemented in various ways. For example,
arrays of capacitors may be used as analog voltage storing elements. A capacitor of the
analog memory unit 320 may be charged to an input voltage by a charging circuit. The
storing of the input voltage may be countrolled based on a control signal received from the
controller 110. The capacitor may be electrically 1solated from the swrounding environment
to reduce charge leakage that causes unwanted discharging of the capacitor. Additionally, or
alternatively, a feedback amplifier can be used to mamtain the voliage stored on the
capacitor. The stored voltage of the capacitor may be read out by a buffer amplifier, which
allows the charge stored by the capacitor to be preserved while outputting the stored voltage.
These aspects of the analog memory unit 320 may be similar to operation of a sample and
hold circuit. The buffer amplifier may implement the functionality of the modulator driver
for driving the modulator array 144.

[00414] The operation of the ANN computation system 302 will now be described. The
first plurality of modulator control signals output by the DAC unit 130 (e.g., by the first DAC
subunit 132) is first input to the modulator array 144 through the analog memory unit 320.
At this step, the analog memory unit 320 may simply pass on or buffer the first plurality of
modulator control signals. The modulator array 144 generates an optical input vector based

on the first plurality of modulator control signals, which propagates through the OMM unit



25

30

WO 2019/236591 PCT/US2019/035403
86

150 and 1s detected by the detection unit 146, The output voltages of the detection unit 146
are nonlinearly transformed by the analog nonlinearity unit 310, At this point, instead of
being digitized by the ADC unit 160, the output voltages of the detection unit 146 are stored
by the analog memory unit 320, which is then output to the modulator array 144 to be
converted into the next optical input vector to be propagated through the OMM unit 150
This recurrent processing can be performed for a preset amount of time or a preset number of
cyeles, under the control of the controller 110, Once the recurrent processing is complete for
a given digital input vector, the transformed output voltages of the analog nonlinearity unit
310 are converted by the ADC unit 160.

[00415] The use of analog memory unit 320 can significantly reduce the number of ADC
conversions during recurrent neural network computations, such as down to a single ADC
conversion per RNN computation of a given digital input vector. Fach ADC conversion
takes a certain period of time, and consumes a certain amount of energy. As such, the
throughput of RNN computation by the ANN computation system 302 may be higher than
the throughput of RNN computation by the ANN computation system 100,

[00416] The execution of the recurrent neural network computation may be controlled, for
example, by controlling the analog memory unit 320. For example, the controller may
control the analog memory unit 320 to store a voltage at a certain time, and ouiput the stored
voltage at a different time. As such, the circulation of a signal from the analog memory unit
320 to the modulator array 144 through the analog nonlinearity umit 310 and back to the
analog memory unit 320 can be controlled by the controller 110 by controlling the storing
and readowut of the analog memory unit 320.

{00417} As such, in some implementations, the controller 110 of the ANN computation
system 302 may perform the steps of based on generating the first plurality of modulator
control signals and the first plurality of weight control signals, storing, through the analog
memory unit, the plurality of transformed output voltages of the analog nonlinearity unit;
outputting, through the analog memory unit, the stored transformed output voltages;
obtaining, from the ADC unit, a second plurality of ransformed digitized output voltages, the
second plurality of transformed digitized output voltages forming a second transformed
digital output vector; and storing, n the memory unit, the second transformed digital output

vector.
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[00418] Input datasets to be processed by the ANN computation systems typically include
data with resolution greater than 1 bit. For example, a typical pixel of a greyscale digital
image may have a resolution of 8 bits, 1.e., 256 different levels. One way of representing and
processing this data in the optical domain 1s to encode the 256 different intensity levels of a
pixel as 256 different power levels of the optical signal being mput to the OMM unit 150

An optical signal 15 inherently an analog signal, and 1s therefore susceptible 1o noise and
detection errors. Referring back to FIG. 14, in order to maintain the 8 bit resolution of the
digital input vector throughout the ANN computation system 100 and generate true 8 bit
digitized optical outputs at the output of the ADC unit 160, every part of the signal chain may
preferably be designed to reproduce and maintain the 8 bat resolution.

[00419] For example, the DAC unit 130 may preferably be designed to support conversion
of § bit digital input vectors into modulator control signals of at least 8 bits of resolution such
that the modulator array 144 can generate optical input vectors that faithfully represent the 8
bits of the digital input vectors. In general, the modulator control signals may need to have
additional resolution beyond & bits of the digital input vector to compensate for the nonlinear
response of the modulator array 144, Further, the mternal configuration of the OMM unit
150 may preferably be sufficiently stabilized to ensure that the values of optical output vector
are not corrupted by any fluctuations 1 the configuration of the OMM umt 150. For
example, the temperature of the OMM unit 150 may need to be stabilized within, for
example, 5 degrees, 2 degrees, 1 degree, or 0.1 degree. Yet further, the detection unit 146
may preferably be sufficiently low in noise to not corrupt the 8 bit resolution of the optical
output vector, and the ADC unit 160 may preferably be designed to support digitization of
analog voltages with at least 8 bits of resolution.

[00420] Power consumptions and design complexities of various electronic components
typically increase with the bit resclution, operating speed, and bandwidth. For example, as a
first-order approximation, a power consumption of an ADC unit 160 may scale linearly with
the sampling rate, and scale by a factor of 2°N where N i3 the bit resolution of the conversion
result. Further, design considerations of the DAC unit 130 and the ADC unit 160 typically
result in a tradeoff between the sampling rate and the bit resolution. As such, in some cases,

an ANN computation sysiem that internally operates at a bit resolution lower than the
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resolution of the input dataset while maintaining the resolution of the ANN computation
output may be desired.

[00421] Referning to FIG. 4A, a schematic diagram of an example of an artificial neural
network (ANN} computation system 400 with 1-bit internal resolution 1s shown., The ANN
computation system 400 1s simtlar to the ANN computation system 100, but differs in that
the DAC unit 130 1s now replaced by a driver unit 430, and the ADC unit 160 1s now
replaced by a comparator unit 460,

[00422] The driver unit 430 1s configured to generate 1-bit modulator control signals and
multi-bit weight control signals. For example, a driver circuitry of the driver unit 430 may
directly receive a binary digital output from the controller 110 and condition the binary signal
mnto a two-level voltage or current output suitable for driving the modulator array 144,
[00423] The comparator unit 460 is configured to convert the output voltages of the
detection unit 146 nto digitized 1-but optical outputs. For example, a comparator circuitry of
the comparator unit 460 may receive a voltage from the detection unit 146, compare the
voltage to a preset threshold voltage, and either output a digital 0 or a 1 when the received
voltage 15 less than or greater than the preset threshold voltage, respectively.

[00424] Refernng to FIG. 4B, a mathematical representation of the operation of the ANN
computation system 400 1s shown. Operation of the ANN computation system 400 will now
be described in reference to FIG. 4B. For a given ANN computation to be performed by the
ANN computation system 400, there exist a corresponding digital input vector V and a neural
network weight matrix U, In this example, the input vector V 15 a vector of length 4 having
clements Vo through Vs, and the matrix U 18 a 4 x 4 matrix with weights Ugs through Uz
Fach elements of the vector V has a resolution of 4 bits. Fach 4 bit vector element has 0% bit
(bito) through 3™ bit (bit:) that correspond to the 20 to 23 locations, respectively. As such,
decimal {(base 10} value of a 4 bit vector element 15 calculated by the summation of 2°0%bity
+ 28 *bity + 2°2%bity + 2°3%bits. Accordingly, the input vector V can analogously be
decomposed into Vo through Veis by the controller 110 as shown.

[00425] Certain ANN computaiion may then be performed by performing a series of
matrix multiplication of 1-bit vectors followed by summation of the individual matrix
multiplication result. For example, each of the decomposed mput vectors Vo through Vs

may be multiplied with the matrix U by generating, through the driver unit 430, a sequence
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of 4 1-bit modulator control signals corresponding to the 4 1-bit input vectors. This in turn
generates a sequence of 4 1-bit optical mput vectors, which propagates through the OMM
unit 150 configured through the driver unit 430 to implement matrix multiplication of matrix
U. The controller 110 may then obtain, from the comparator umt 460, a sequence of 4
digitized 1-bit optical outputs corresponding to the sequence of the 4 1-bit modulator control
signals.

[00426] In this case where a 4-bit vector 18 decomposed into 4 1-bit vectors, each vector
should be processed by the ANN computation system 400 at four times the speed at which a
single 4-bit vector can be processed by other ANN computation systems, such as the system
100, to maintain the same effective ANN computation throughput. Such increased internal
processing speed may be viewed as time-division multiplexing of the 4 1-bit vectors into a
single timeslot for processing a 4-bit vector. The needed increase in the processing speed
may be achieved at least in part by the increased operating speeds of the driver unit 430 and
the comparator unit 460 relative to the DAC urut 130 and the ADC unit 160, as a decrease in
the resolution of a signal conversion process typically feads to an increase n the rate of
signal conversion that can be achieved.

[00427]  Whle the signal conversion rates are increased by a factor of four in 1-bit
operaiions, the resulting power consumption may be significantly reduced relative to 4-but
operations. As previously described, power consumption of signal conversion processes
typically scale exponentially with the bit resolution, while scaling hinearly with the
conversion rate. As such, a 16 fold reduction in power per conversion may result from the 4
fold reduction m the bit resolution, followed by a 4 fold increase in power from the increased
conversion rate. (verall, a 4 fold reduction in operating power may be achieved by the ANN
compuiation system 400 over, for example, the ANN computation system 100 while
maintaining the same effective ANN computation throughput.

[00428] The controller 110 may then construct a 4-bit digital output vector from the 4
digitized 1-bit optical cutputs by multiplying each of the digitized 1-bit optical outputs with
respective weights of 270 through 2°3. Once the 4-bit digital output vector 15 constructed,
the ANN computation may proceed by performing a nonlinear transformation on the
constructed 4-bit digital ocutput vector to generate a transformed 4-bit digital output vector;

and storing, in the memory unit 120, the transformed 4-bit digital output vector,
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[00429] Alternatively, or additionally, in some 1mplementations, each of the 4 digitized 1-
bit optical ouiputs may be nonlinearly transformed. For example, a step-function nonlinear
function may be used for the nonlinear transformation. Transformed 4-bit digital output
vector may then be consiructed from the nonhinearly transformed digitized 1-bit optical
outputs.

[00430] While a separate ANN computation system 400 has been illustrated and described,
m general, the ANN computation svstem 100 of FIG. 1A may be designed o implement
functionalities analogous to that of the ANN computation system 400. For example, the
DAC unit 130 may include a 1-bit DAC subunut configured to generate 1-bit modulator
control signals, and the ADC unit 160 may be designed to have a resolution of 1-bit. Sucha
I-bit ADC may be analogous to, or effectively equivalent to, a comparator.

[00431] Further, while operation of an ANN computation system with 1-bit internal
resolution has been described, in general, the internal resolution of an ANN computation
system may be reduced to an mtermediate level lower than the N-bit resolution of the mput
dataset. For example, the internal resolution may be reduced to 2°Y bits, where Y 15 an
mteger greater than or equal o 0.

[00432] Embodiments of the subject matter and the functional operations described mn this
specification can be mplemented 1n digital electromic circuwitry, or 1in computer software,
firmware, or hardware, including the structures disclosed m this specification and their
structural equivalents, or m combinations of one or more of them. Embodiments of the
subiect matter described in this specification can be implemented using one or more modules
of computer program instructions encoded on a computer-readable medium for execution by,
or to control the operation of, data processing apparatus. The computer-readable mediom can
be a manufactured product, such as hard drive in a computer system or an optical disc sold
through retail channels, or an embedded system. The computer-readable medium can be
acquired separately and later encoded with the one or more modules of computer program
msiructions, such as by delivery of the one or more modules of computer program
mstructions over a wired or wireless network. The computer-readable medium can be a
machine-readable storage device, a machine-readable storage substrate, a memory device, or
a combination of one or more of them.

[00433] A computer program {also known as a program, software, software application,
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script, or code) can be written in any form of programming language, including compiled or
iterpreted languages, declarative or procedural languages, and it can be deployed i any
form, including as a stand-alone program or as a module, component, subroutine, or other
unit suitable for use in a computing environment. A computer program does not necessarily
correspond to a file in a file system. A program can be stored in a portion of a file that holds
other programs or data {e.g., one or more scripts stored in a markup language document), in a
single file dedicated to the program in question, or in mukliiple coordinated files (e.g., files
that store one or more modules, sub-programs, or portions of code). A computer program can
be deploved to be executed on one computer or on multiple computers that are located at one
site or distributed across multiple sites and interconnected by a communication network.
[00434] The processes and logic flows described in this specification can be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA {field programmable gate array} or an ASIC (application-specific
mtegrated circuit).

[00435]  Whle this specification contains many implementation details, these should not be
construed as limitations on the scope of the invention or of what may be claimed, but rather
as descriptions of features specific to particular embodiments of the invention. Certain
features that are described 1n this specification in the context of separate embodiments can
also be implemented in combination n a single embodiment. Conversely, various features
that are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed {0 a subcombination or variation
of a subcombination.

[00436] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve

desirable results. In certain circumstances, multitasking and parallel processing may be
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advantageous. Moreover, the separation of various system components in the embodiments
described above should not be understood as requiring such separation in all embodiments,
and 1t should be understood that the described program components and systems can
generally be integrated together in a single software product or packaged into multiple
software products.

{00437} Thus, particular embodiments of the mvention have been described. Other
embodiments are within the scope of the following claims. In addition, the actions recited in
the claims can be performed in a different order and still achieve desirable results. For
exarople, the optical matrix multiplication unit 150 in FIG. 1A includes an optical
mterference unit 154 that includes a plurality of interconnected Mach-Zehnder
mterferometers. In some implementations, the optical interference unit can be implemented
using one-dimensional, two-dimensional, or three-dimensional passive diffractive optical
elements that consume almost no power. Compared to the optical interference unit that
meludes Mach-Zehnder interferometers, an optical interference unit that uses passive
diffractive optical elements can have a smaller size if the number of inputs/outputs remain
the same, or can process a larger number of inputs/outputs for the same chip size. The
passive diffractive optical elements ¢can be made at a lower cost compared to the Mach-
Zehnder nterferometers.

[00438] Refernng to FIG. 5, 1o some implementations, an artificial neural network
compuiation system 500 includes a controller 116, a memory unit 120, a DAC unit 506, an
optical processor 504, and an ADC unit 160. The memory unit 120 and the ADC unit 160 are
similar to the corresponding components of the system 100 in FIG. 1A. The optical processor
504 1s configured to perform matrix computations using optical components. In the system
500, the weights for the optical mairix multiplication unit 562 are fixed. The DAC unit 506 is
similar to the first DAC subunit 132 of the system 100 of FIG. 1A

[00439] In an example operation of the ANN computation system 500, a computer 102
may issue an artificial neural network computation request to the ANN computation system
500. The ANN computation request may include an input dataset to be processed by the
provided ANN. The controller 110 receives the ANN computation request, and stores the
mput dataset 1n the memory unit 120,

[00440]  In some implementations, a hybrid approach 1s used m which a portion of the
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optical matrix multiplication unit 150 includes Mach-Zehnder interferometers and another
portion of the optical matrix multiplication unit 150 includes passive diffractive elements.
[00441] The internal operations of the ANN computation system 500 will now be
described. The optical processor 504 includes a laser unit 142, a modulator array 144, a
detection unit 146, and the optical matrix multiplication ({OMM) unit 502, The laser unit 142,
the modulator array 144, and the detection unit 146 are similar to the corresponding
components of the systerm 100 in FIG. 1AL In this example, the OMM unit 502 includes two-
dimensional diffractive optical elements and can be implemented as a passive integrated
silicon photonic chip. The optical matrix roultiplication unit 302 can be configured to
implement a diffractive neural network and can execute matrix multiplications at almost zero
power consumption.

[00442] The optical processor 504 operates by encoding a digital input vector of length N
onto an optical mput vector of length N and propagating the optical input vector through the
OMM umit 502, The OMM unit S02 recetves the optical input vector of length N and
performs, in the optical domain, an N x N matrix multiplication on the recerved optical input
vector. The N x N matrix multiplication performed by the OMM unit 502 1s determuined by
mternal configurations of the OMM unit 502, The mternal configurations of the OMM unit
502 mclude, e.g., the dimensions, positions, and geometry of the diffractive optical elements,
and doping of impurities, if any.

[00443] The OMM unit 502 may be implemented 1n various ways. FIG. 6 shows a
schematic diagram of an example of the OMM unit 502 that uses a two-dimensional array of
diffractive ¢lements. The OMM umit 502 may include an array of input waveguides 602 to
receive the optical input vector, a two-dimensional optical interference unit 600 in optical
communication with the array of input waveguides 602, and an array of cutput waveguides
604 in optical communication with the optical interference unit 600. The optical interference
unit 600 includes a plurality of diffractive optical elements and performs a transformation
{e.g., linear transformation) of the optical input vector into a second array of optical signals.
The array of ouiput waveguides 604 guides the second array of optical signals output by the
optical interference unit 600. At least one input waveguide in the array of input waveguides
602 1s in optical communication with each output waveguide in the array of cutput

waveguides 604 via the optical mterference unit 600. For example, for an optical input
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vector of length N, the OMM unit 502 may include N input waveguides 602 and N output
waveguides 604,

[00444] In some implementations, the optical mterference unit 600 mncludes a substrate
having diffractive elements that are arranged in two dimensions {(e.g, in a 2D array). For
example, a plurality of circular holes can be drilled or etched into the substrate. The holes
have dimensions in the order of magnitude comparable to that of the wavelength of the input
light s0 that the light 1s diffracted by the holes {or the structure defining the holes). For
example, the dimensions of the holes can be 1n a range from 100 nm to 2 pm. The holes can
have the same or different sizes. The holes can also have other cross sectional shapes, such as
tniangles, squares, rectangles, hexagons, or irregular shapes. The substrate can be made of a
material that is transparent or semi-transparent to the input light, e.g., having a transmissivity
i a range from 1% to 99% with respect to the mput hight. For example, the substrate can be
made of siticon, silicon oxide, silicon nitride, quartz, crystal (e g., lithium miobate, LiNbO3),
1i-V material such as gallium arsenide or indwum phosphide, erbium modified
semiconductors, or polymer.

[00445]  In some implementations, holographic methods can be used to form the two-
dimensional diffractive optical elements in the substrate. The substrate can be made of glass,
crystal, or a photorefractive material.

[00446]  When designing the OMM unit 502, we consider the dimensions and positions of
the diffractive elements in two dimension (e.g., the x and v directions), without considering
the relative positions of the diffractive elements in the third dimension {e.g., the z direction).
Fach diffractive element can be a three-dimensional structure, such as a hole, a column, or a
stripe having a certain depth that is formed in the substrate.

[00447] In FIG 6, the diffractive optical elements are represented by circles. The
diffractive optical elements can also have other shapes, such as triangles, squares, rectangles,
or irregular shapes. The diffractive optical elements can have various sizes. The diffractive
optical elements do not have to be located on grid points, their locations can be varied. The
diagram in FIG. 6 15 merely for purpose of illustration. The actual diffractive optical elements
can be different from those shown in the figure. Different arrangements of the diffractive
optical elements can be used to implement different matrix operations, such as different

matrix multiplication functions.
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[00448] 'The configurations of the diffractive optical elements can be determined using an
optimization process. For example, the substrate can be divided into an array of pixels, and
each pixel can be either filled with the substrate material (no holes) or filled with air (hole).
The configurations of the pixels can be teratively modified, and for each configuration of the
pixels, a simulation can be performed by passing light through the diffractive optical
elements and evaluating the output. After simulations of all possible configurations of the
pixels are performed, the configuration that provides the result that most closely resemble the
desired matrix processing is chosen as the diffractive optical element configuration for the
OMM unit 502.

{00449  As another example, the diffractive elements are imtially configured as an array of
holes. The positions, dimensions, and shapes of the holes can be slightly varied from their
mitial configurations. The parameters for each hole can be adjusted iteratively and
simulations can be performed to find an optinuzed configuration for the holes.

[00450] In some implementations, a machine learning process 18 used to design the
diffractive optical elements. An analytical function for how the pixels affect the input light to
generate the output light is determined, and an optimization process {e.g., the gradient
descent method) 1s used to determune the optimal configuration of the pixels.

[00451] In some implementations, the OMM unit 502 can be implemented as a user-
changeable component, and different OMM units 502 having different optical interference
units 600 can be nstalled for different applications. For example, the system 500 can be
configured as an optical character recognition system, and the optical interference unit 600
can be configured to implement a neural network for performing optical character
recognition. For example, a first MM unit may have a first optical interference unit that
includes passive diffractive optical elements configured to implement a first neural network
for an optical character recognition engine for a first set of written languages and fonts. A
second OMM unit may have a second optical interference unit that includes passive
diffractive optical elements configured to implement a second neural network for an optical
character recognition engine for a second set of written languages and fonts, ¢ic. When the
user wants to use the system 500 to apply optical character recognition to the first set of
written languages and fonts, the user can insert the first OMM unit into the system. When the

user wants to use the system 500 to apply optical character recognition to the second set of
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written languages and fonts, the user can swap out the first OMM unit and insert the second
OMM unit into the system.

[00452] For example, the system 500 can be configured as a speech recognition system,
and the optical interference unit 600 can be configured to implement a neural network for
performing speech recognition. For example, a first OMM unit may have a first optical
mterference unit that includes passive diffractive optical elements configured to implement a
first neural network for a speech recognition engine for a first spoken language. A second
OMM untt may have a second optical interference unit that includes passive diffractive
optical elements configured to implement a second neural network for a speech recognition
engine for a second spoken language, etc. When the user wants to use the systerm 500 to
recognize speech in the first spoken language, the user can insert the first OMM unit into the
system. When the user wants to use the systern 500 to recognize speech in the second spoken
language, the user can swap out the first OMM unit and insert the second OMM unit nto the
system.

[00453] For example, the system 500 can be part of a control unit of an autonomous
vehicle, and the optical interference unit 600 can be configured to implement a neural
network for performing recognition of road conditions. For example, a first OMM unit 502
may have a first optical interference unit that mcludes passive diffractive optical elements
configured to implement a first neural network for recognizing road conditions, including
street signs, in the United States. A second OMM unit 502 may have a second optical
mterference unit that includes passive diffractive optical elements configured to implement a
second neural network for recognizing road conditions, including street signs, in Canada. A
third OMM unit 502 may have a third optical interference unit that includes passive
diffractive optical elements configured to implement a third neural network for recognizing
road conditions, including street signs, in Mexico, etc. When the autonomous vehicle is used
in the United States, the first OMM unit 1s inserted into the system. When the autonomous
vehicle crosses the border and enters Canada, the first OMM unit is swapped out and the
second OMM unit is inserted into the system. On the other hand, when the autonomous
vehicle crosses the border and enters Mexico, the first OMM unit 1s swapped out and the
third OMM unit 1s mserted into the system.

[00454] For example, the system 500 can be used for genetic sequencing. DNA sequences



25

30

WO 2019/236591 PCT/US2019/035403
97

can be classified using a convolutional neural network that is implemented using the system
500 that includes passive diffractive optical elements. For example, the system 500 can
implement neural networks for distinguishing between tumor types, predicting tumor grades,
and predicting patient survival from gene expression patterns. For example, the system 500
can implement neural networks for identifying subsets of genes or signatures that are the
most predictive of the characteristics being analyzed. For example, the system 500 can
mmplement neural networks for predicting or inferring the expression levels of all genes from
the profiles of a subset of genes. For example, the system SO0 can implement neural
networks for epigenomic analyses such as predicting transcription factor binding sites,
enhancer regions, and chromatin accessibility from gene sequences. For example, the

system 500 can implement neural networks for capturing the structure within a genetic
sequence.

[00455] For example, the system 500 can be configured as medical diagnostic system, and
the OMM umt 502 can be configured to implement a neural network for analyzing
physiclogical parameters to perform screeming for diseases. For example, the system 500 can
be configured as bacteria detection system, and the OMM anit 562 can be configured to
mplement a multiphcation function for analyzing a DNA sequence to detect certain strains
of bacteria.

[00456]  In some implementations, the OMM unit 502 includes a housing {e.g., a cartridge)
that protects the substrate that has the diffractive optical elements. The housing supports an
mput interface that is coupled to the input waveguides 602, and an output interface that is
coupled to the output wavegindes 604, The mput imterface is configured {o receive the output
from the modulator array 144, and the output interface is configured to send the output of the
OMM unit 502 to the detection unit 146. The OMM unit 502 can be designed as a module
that is suitable o be handled by average consumers, allowing the users to easily swiich from
one OMM unit 502 to another OMM unit 502, Machine learning technology improves over
iime. The user can upgrade the system 500 by swapping out the old OMM unit 502 and
mserting a new, upgraded version.

{00457} Similar to the way that optical compact discs can store digital information that can
be retrieved by a CD player, the OMM units can store neural network configurations that can

be used in an optical processor. Just as the optical compact discs are low cost media for
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distributing digital information {including audio, video, and software programs) {0
consumers, the OMM units can be low cost media for distributing pre-configured neural
networks or matrix processing functions (e.g., multiplication, convolution, or any other
linear operations} to consumers,

[00458] In some implementations, the system 500 1s an optical computing platform
configured to be operable with OMM units provided by different companies. This allows
different companies to develop different passive optical neural networks for diverse
applications. The passive optical neural networks are sold to end-users in standardized
packages that can be installed in the optical computing platform to allow the system 500 to
perform various intelligent functions.

[00459] In some implementations, the system can have a holder mechanism for supporting
multiple OMM units 502, and a mechanical handling mechanism can be provided for
automatically swapping the OMM units 502, The system determines which OMM unit 502 i3
needed for the current application and uses the mechanical handling mechanism to
automatically retrieve the appropriate OMM unit from the holder mechanism and insert it
mto the optical processor 504

[00460]  For an optical chip of a specified size, more passive diffractive elements can {it on
the substrate as compared to using active interferometers, such as Mach-Zehnder
mterferometers. For example, an optical interference unit 154 wn FIG. 1B using Mach-
Zehnder mterferometers may be configured to process 200 x 200 matrix multiplications,
whereas an optical interference umit 600 having the same overall size and using passive
diffractive ¢lements (each having a dimension of about 100 nm x 100 nm) may be configured
to process 5000 x 5000 matrix multiplications.

[00461] The passive diffractive optical elements consume almost no power, so the OMM
unit 502 can be used in low-power devices, such as battery operated devices. The OMM unit
502 1s suitable for edge computing. For example, the OMM unit 502 can be used in smart
sensors in which the raw data from the sensors are processed using optical processors that
use the OMM units 502, The smart sensor can be configured to send processed datato a
central computer server, thus reducing the amount of raw data being sent to the central
computer server. By placing mtelligent processing capabilities at the smart sensors, faults and

anomalies can be detected earlier and handled more effectively. The OMM uynit 502 15
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suitable for applications that require processing of large matrix multiplications. The OMM
unit S02 is suitable for applications in which the newral networks have already been trained
and the weights have already been determined and do not need to be modified.

[00462] The substrate in which the diffractive optical elements are formed can be either flat
or curved. In the example of FIG. 6A, the mnput light enters the optical interference unit 600
from the left and the output light exits the optical interference unit 600 from the right (the
terms “left,” “night,” “top,” and “bottom” refer to the directions shown m the figure). In some
examples, the passive diffractive optical elements can be configured to cause some of the
output light to exit the optical interference unit 600 from the top or bottom, or any
combination of left, right, top, and bottom sides of the optical interference unit 600. The
substrate for the optical interference unit 600 can have any of a variety of shapes, such as a
square, a rectangle, a triangle, a circle, or an oval. The optical interference unit 600 can
meorporate reflective elements or murrors to redirect the light propagation direction.

[00463] In some implementations, the artificial neural network computation system 500
can be modified by adding an analog nonlinear unit 310 between the detection unit 146 and
the ADC unit 160, The analog nonlinearity unit 310 is configured to receive the output
voltages from the detection unit 146, apply a nonlinear transfer function, and output
transtformed output voltages to the ADC unit 160, The controller 110 may obtain, from the
ADC unit 160, transformed digitized output voliages corresponding to the transformed output
voltages. Because the digitized output voltages obtained from the ADC unit 160 have
already been nonhinearly transformed (“activated”), the nonlinear transformation step by the
controller 110 ¢can be omiited, reducing the computation burden by the controller 110, The
first transformed voltages obtained directly from the ADC unit 160 may then be stored as the
first transtormed digital cutput vector in the memory unit 120,

{00464]  The optical interference unit can be implemented using passive diffractive optical
elemenis arranged in three dimensions. Referring to FIG. 7, in some implementations, an
artificial neural network computation system 700 has an optical processor 702 that includes a
three-dimensional OMM unit 708. The system 700 includes a memory unit 120 and an ADC
unit 160 that are similar to the corresponding components of the system 500 in FIG. 5. The
optical processor 702 1s configured to perform matrix computations using diffractive optical

elements arranged m three dimensions.
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[00465] 'The optical processor 702 includes a laser unit 704 configured to output a two-
dimensional array of light beams 714, and a two-dimensional modulator array 706
configured to modulate the two-dimensional array of light beams 714 to generate a
modulated two-dimensional array of light beams 716, The optical processor 702 includes an
optical matrix multiplication (OMM) umit 708 having diffractive optical elements arranged in
three dimensions and configured to process the modulated two-dimensional array of light
beams 716 and generate a two-dimensional array of output light beams 718. The optical
processor 702 includes a detection unit 710 having a two-dimensional array of light sensors
o detect the two-dimensional array of output light beams 718, The outputs of the detection
unit 710 are converted to digital signals by the ADC unit 160,

[00466] For example, the 3D OMM unit 708 can be implemented as a passive integrated
silicon photonic column or cube. The optical matrix multiplication unit 708 can be
configured to wmplement a diffractive neuron network and can execute matrix multiplications
at almost zero power consumption.

[00467] There are many ways to encode the input data for use by the optical processor 702.
For example, a digital mput vector of length NxN can be encoded onto an optical mput
matrix of size NxN, which is propagated through the OMM unit 708. The OMM unit 708
performs in the optical domain an (NxN) x (NxN) matrix multiplication on the received
optical input matrix. The (NxN) x (NxN) matrix multiplication performed by the OMM unit
708 15 determined by internal configurations of the OMM unit 708, mncluding, e.g., the
dimensions, posttions, and geometry of the diffractive optical elements arranged in threg
dimensions, and doping of impurities, if any.

{00468] The OMM unit 708 may be implemented in various ways. FIG. 8 shows a
schematic diagram of an example of the OMM unit 708 that uses a three-dimensional
arrangement of diffractive elements. The OMM unit 708 may include a matrix of input
waveguides 1o recetve an optical input matrix 802, a three-dimensional optical interference
unit 804 in optical communication with the matrix of input waveguides, and a matrix of
output waveguides in optical communication with the optical interference umt 804 for
providing an optical output matrix 804. The optical interference unit 804 includes a plurality
of diffractive optical elements and performs a transformation {e.g., linear transformation} of

the optical input (e g., NxN vector or matrix) imto an optical output (e.g., NxN vector or
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matrix). The matrix of output waveguides guides the opiical signals output by the optical
mterference unit 804, At least one input waveguide in the matrix of input waveguides is in
optical communication with each output waveguide in the matrix of output waveguides via
the optical interference unit 804. For example, for an optical input vector of length NxN, the
OMM unit 708 may include NxN input waveguides and NxN output waveguides.

[00469] In some implementations, the optical mterference unit 804 includes a block of
substrate having diffractive elements that are arranged in three dimensions (e.g., m a 3D
matrix). For example, a plurality of holes can be drilled or etched into each of a plurality of
slices of substrates, and the plurality of slices of substrates can be combined to form the
block of substrate. The holes have dimensions in the order of magnitude comparable to that
of the wavelength of the input light so that the light is diffracted by the holes {(or the structure
defining the holes). The holes can have the same or different sizes. The holes can also have
other cross sectional shapes, such as triangles, squares, rectangles, hexagons, or uregular
shapes. In some implementations, holographic methods can be used to form the three-
dimensional diffractive optical elements in the entire block of substrate. The subsirate can be
made of a material that is transparent or semu-transparent to the mput light, e.g., having a
transmissivity in a range from 1% to 99% with respect to the mput light.

[00470] When designing the OMM unit 708, we consider the dimensions and positions of
the diffractive elements in the x, v, and z directions. The configurations of the diffractive
optical elements can be determined using an optinuzation process. For example, the block of
substrate can be divided into a three-dimensional matrix of pixels, and each pixel can be
etther filled with the substrate material (no holes) or filled with air (hole}. The configurations
of the pixels can be iteratively modified, and for each configuration of the pixels, a
simulation can be performed by passing light through the diffractive optical elements and
evaluating the ouiput. After simulations of all possible configurations of the pixels are
performed, the configuration that provides the result most closely resembling the desired
matrix processing is chosen as the diffractive optical element configuration for the OMM
unit 708,

[00471] As another example, the diffractive elements are initially configured as a three-

dimensional matrix of holes. The positions, dimensions, and shapes of the holes can he
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slightly varied from their 1nitial configurations. The parameters for each hole can be adjusted
iteratively and simulations can be performed to find an optinized configuration for the holes.
[00472] In some implementations, a machine learning process is used to design the three-
dimensional diffractive optical elements. An analytical function for how the pixels affect the
mput light is determined, and gradient descent method 1s used to determine the optimal
configuration of the pixels.

[00473] In some implementations, the OMM unit 708 can be implemented as a user-
changeable component, and different OMM units 708 having different optical interference
units 804 can be installed for different applications. For example, the system 700 can be
configured as medical diagnostic system, and the optical interference unit 804 can be
configured to implement a neural network for analyzing physiological parameters to perform
screening for diseases. For example, a first OMM unit may have a first optical interference
unit that includes 3D passive diffractive optical elements configured to implement a first
neural network for screening a first set of diseases. A second OMM unit may have a second
optical interference unit that includes 31 passive diffractive optical elements configured o
mplement a second neural network for screening a second set of diseases, ete. The first and
second OMM units may be developed by different companies specializing in developing
techmigues for screening different diseases. When the user wants to use the system 700 to
screen for the first set of diseases, the user ¢an insert the first OMM unit mnto the system.
When the user wants to use the system 700 to screen for the second set of diseases, the user
can swap out the first OMM umit and insert the second OMM unit mto the system.

[00474] For example, the system 700 can be configured as an optical character recognition
system, and the optical interference unit 804 can be configured to implement a neural
network for performing optical character recognition. For example, the system 700 can be
configured as a speech recognition system, and the optical interference unit 804 can be
configured to implement a neural network for performing speech recognition. For example,
the system 700 can be part of a control unit of an autonomous vehicle, and the optical
mterference unit 804 can be configured to implement a neural network for performing
recognition of road conditions.

[00475] For example, the system 700 can be used for genetic sequencing. DNA sequences

can be classified using a convolutional neural network that 15 implemented using the system
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700 that includes passive ditfractive optical elements. For example, the system 700 can
implement neural networks for distinguishing between tumor types, predicting tumor grades,
and predicting patient survival from gene expression patierns. For example, the system 700
can implement neural networks for identifying subsets of genes or signatures that are the
most predictive of the characteristics being analyzed. For example, the system 700 can
implement neural networks for predicting or inferring the expression levels of all genes from
the profiles of a subset of genes. For example, the system 700 can implement neural
networks for epigenomic analyses such as predicting transcription factor binding sites,
enhancer regions, and chromatin accessibility from gene sequences. For example, the
systermn 700 can implement neural networks for capturing the structure within a genetic
sequence. For example, the system 700 can be configured as bacteria detection system, and
the optical interference unit 804 can be configured to implement a multiplication function for
analyzing a DNA sequence to detect certain strains of bacteria.

[00476]1  In some implementations, the OMM unit 700 includes a housing (e.g., a cartridge)
that protects the substrate that has the 3D diffractive optical elements. The housing supports
an mput nterface that 18 coupled to the 1nput waveguides, and an output interface that 1s
coupled to the ouiput waveguides. The mput interface is configured to receive the output
from the modulator asray 706, and the output imterface is configured to send the output of the
OMM unit 708 to the detection unit 710. The OMM unit 708 can be designed as a module
that 1s suitable to be handled by average consumers, allowing the users to easily switch from
one OMM unit 708 to another OMM umit 708. Machine learning technology improves over
time. The user can upgrade the system 700 by swapping out the old OMM unit 708 and
mserting a new, upgraded version.

[004771 Insome implementations, the system 700 is an optical computing platform
configured to be operable with OMM units provided by different companies. This allows
different companies to develop different 3D passive optical neural networks for diverse
apphications. The 3D passive optical neural networks are sold to end-users in standardized
packages that can be installed in the optical computing platform to allow the system 700 to
perform various intelligent functions.

[00478] In some implementations, the system can have a holder mechanism for supporting

multiple OMM units 708, and a mechanical handling mechanism can be provided for
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automatically swapping the OMM units 708. The system determines which OMM unit 708 is
needed for the current application and uses the mechanical handling mechanism to
automatically retrieve the appropriate OMM unit 708 from the holder mechanism and insert
it into the optical processor 702.

[00479]  In some implementations, the artificial neural network computation system 700
can be modified by adding an analog nonlinear unit between the detection unit 710 and the
ADC unit 160. The analog nonlinearity unit 1s configured to receive the output voltages from
the detection unit 710, apply a nonlinear transfer function, and output transformed output
voltages to the ADC unit 160. The controller 110 may obtain, from the ADC unit 160,
transformed digitized output voltages corresponding to the transformed output voltages.
Because the digitized output voltages obtained from the ADC umit 160 have already been
nonlinearly transformed (“activated”), the nonlinear transformation step by the controller 110
can be omitted, reducing the computation burden by the controller 110. The first transformed
voltages obtained directly from the ADC umit 160 may then be stored as the furst transformed
digital cutput vector in the memory unit 120,

[00480] The optical interference unit can be mmplemented using passive diffractive optical
elements arranged in one dimension. Referring to FIG. 9, i some implementations, an
artificial neural network computation system 900 has an optical processor 906 that includes a
one-~-dimensional optical multiplication unit 916, The system 900 mcludes a memory unit 120
that 1s sumilar to the corresponding component of the system 100 in FIG. TA. The optical
processor 906 is configured to perform multiplication computations using diffractive optical
clements arranged in one dimension — along the axis of light propagation.

{00481] The optical processor 906 includes a laser unit 908 configured to output a laser
light beam 910, and a modulator 912 configured to modulate the light beam 910 to generate a
modulated light beam 914. The optical processor 906 includes a one-dimensional optical
mutltiplication unit 916 having diffractive optical elements arranged in one dimension and
configured to process the modulated light beam 914 and generate an output light beam 918.
The optical processor 906 inchudes a detection unit 920 having a light sensor to detect the
output light beam 916. The output of the detection unit 920 is converted to a digital signal by
an ADC umit 930,
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[00482] For example, the optical multiplication unit 916 can be implemented as a passive
itegrated silicon photonic waveguide having diffractive optical elements (e.g., gratings or
holes). The optical multiplication unit 916 can be configured to execute multiplication
operations at almost zero power consumpiion.

{00483] There are many ways to encode the input data for use by the optical processor 906,
For example, a digital input vector can be encoded as an optical input that is propagated
through the optical multiplication unit 916, The optical multiplication unit 916 performs m
the optical domain a multiplication on the received optical input. The multiplication
performed by the optical multiplication unit 916 is determined by internal configurations of
the optical multiplication unit 916, including, e.g., the dimensions, positions, and geometry
of the diffractive optical elements arranged in one dimension along the light propagation
path, and doping of impurities, if any.

[00484] The optical multiplication unit 916 may be implemented in various ways. FIG. 10
shows a schematic diagram of an example of the optical multiplication unit 916 that uses a
one-dimensional arrangement of diffractive elements. The optical multiplication unit 916
may include an input waveguide (o receive an optical input 1002, a one-dimensional optical
miterference unut 1004 n optical communication with the input waveguide, and an cutput
waveguide i optical communication with the optical interference unit 1004 for providing an
optical output 1006. The optical interference unit 1004 includes a plurality of diffractive
optical elements and performs a transformation {e.g., hivear transformation) of the optical
mput into an optical output. The output waveguide guides the optical signal output by the
optical interference umt 1004,

{00485]  In some implementations, the optical interference unit 1004 includes an elongated
substrate having diffractive elements that are arranged in one dimension along the light
propagation path. For example, a plurality of holes can be drilled or etched into the substrate.
The holes have dimensions in the order of magnitude comparable to that of the wavelength of
the input light so that the light is diffracted by the holes (or the structure defining the holes).
The holes can have the same or different sizes. The substrate can be made of a material that
is transparent or semi-transparent to the input light, e.g., having a transmissivity in a range
from 1% to 99% with respect to the input light In some implementations, holographic

methods can also be used to form the diffractive optical elements in the substrate.
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[00486] When designing the optical multiplication unit 1004, we consider the dimensions
and positions of the diffractive elements along the propagation path of the light beam. The
configurations of the dffractive optical elements can be determined using an optimization
process. For example, the substrate can be divided mto a series of pixels, and each pixel can
be either filled with the substrate material (no holes} or filled with air (hole). The
configurations of the pixels can be iferatively modified, and for each configuration of the
pixels, a simulation can be performed by passing light through the diffractive optical
elements and evaluating the output. After simulations of all possible configurations of the
pixels are performed, the configuration that provides the result most closely resembling the
desired multiphication processing is chosen as the diffractive optical element configuration
for the optical multiplication unit 1004,

[00487] As another example, the diffractive elements are initially configured as a series of
holes. The positions and dimensions of the holes can be slightly varied from their mnitial
configurations. The parameters for each hole can be adjusted mteratively and simulations can
be performed to find an optimized configuration for the holes.

[00488] In some implementations, a machine learning process 15 used to design the one
dimensional diffractive optical elements. An analytical function for how the pixels affect the
mput light 1s determined, and gradient descent method 1s used to determune the optimal
configuration of the pixels,

[00489] In some implementations, the optical multiplication unit 916 can be implemented
as a user-changeable component, and different optical multiplication units 916 having
different optical interference units 1004 can be instalied for different applications. For
example, the system 900 can be configured as bacteria detection system, and the optical
interference unit 1004 can be configured to implement a multiplication function for analyzing
a BN A sequence to detect certain strains of bacteria. For example, a first optical
multiplication unit may have a first optical interference unit that includes 1D passive
diffractive optical elements configured to implement a first multiplication function for
detecting a first group of bacteria. A second optical multiplication unit may have a second
optical interference unit that includes 1D passive diffractive optical elements configured to
implement a second multiplication function for detecting a second group of bacteria, etc. The

first and second optical multiplication units may be developed by different companies
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spectalizing in developing techniques for detecting different bacteria. When the user wants to
use the system 900 to detect the first group of bacteria, the user can insert the first optical
multiplication unit into the system. When the user wants to use the system 900 to detect the
second group of bacteria, the user can swap out the first optical multiplication unit and insert
the second optical multiplication unit into the system. By using one-dimensional diffractive
opiical elements, the laser umt 208, the modulator 912, the detection unit 920, and the ADC
unit 930 can be made at a low cost.

[00490] In some implementations, the optical multiplication unit 916 mcludes a housing
{e.g., a cartridge) that protects the substrate that has the 1D diffractive optical elements. The
housing supports an input mterface that s coupled to the input waveguide, and an output
mterface that 1s coupled to the output waveguide. The input interface is configured to receive
the output from the modulator 912, and the output interface 1s configured to send the output
of the optical multiplication unit 916 to the detection unit 920. The optical multiplication unit
916 can be designed as a module that is suitable to be handled by average consumers,
allowing the users to easily switch from one optical multiplication unit 916 to another optical
muktiplication unit 916, Machine learning technology improves over time. The user can
upgrade the system 900 by swapping out the old optical multiplication unit 916 and nserting
a new, upgraded version,

[00491]  In some implementations, the system 900 15 an optical computing platform
configured to be operable with optical multiplication units provided by different companies.
This allows different companies to develop different 1D passive optical multiplication
functions for diverse applications. The 1D passive optical multiplication fenctions are sold to
end-users in standardized packages that can be installed in the optical computing platform to
allow the system 900 to perform various intefligent functions.

{00492]  In some implementations, the svstem can have a holder mechanism for supporting
multiple optical multiplication units 916, and a mechanical handling mechanism can be
provided for automatically swapping the optical multiplication units 916. The system
determines which optical multiplication unit 916 1s needed for the current application and
uses the mechanical handling mechanism to automatically retrieve the appropriate optical
multiplication unit 916 from the holder mechanism and insert it into the optical processor

S06.
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[00493] 1n some implementations, the artificial neural network computation system 900
can be modified by adding an analog nonlinear unit between the detection unit 920 and the
ADC unit 930. The analog nonlinearity unit 1s configured to receive the output voltages from
the detection unit 920, apply a nonlinear transfer function, and cutput transformed output
voltages to the ADC unit 930. The controller 110 may obtain, from the ADC unit 930,
transformed digitized output voltages corresponding to the transformed output voltages.
Because the digitized output voltages obtained from the ADC unit 930 have already been
nonlinearly transforraed (“activated”), the nonlinear transformation step by the controller 110
can be omitted, reducing the computation burden by the controller 110. The first transformed
voltages obtained directly from the ADC unit 930 may then be stored as the first transformed
digital output vector i the memory unit 120

[00494] The passive chips having passive diffractive optical elements have several
advantages. First, because the active components — typically the most bulky part — have been
ehimunated, a chip of any given size can contain a larger neural network. Commonly useful
neural networks can include millions of weights, which are challenging to implement on
active chips and may require multiple runs of data through the chip and reprogramming of
the chip. By comparison, a single passive chip may be able to support the entire neural
network. Second, the very low power consumption of passive chips 1s important for “edge”
applications because such applications may require a small footprint and low power
consumption. Third, the passive chips can be fabricated at a much lower cost because they do
not contain active components.

[00495] An optical matrix multiplication unit having passive diffractive optical elements
can also be used in a wavelength division multiplexed artificial neural network computation
system. For example, the OMM anit 150 of system 104 in FIG. 1F can be replaced with an
OMM unit that uses passive diffractive optical elements. In this example, the second DAC
subunit 134 can be removed.

[00496]  In some implementations, the optical processor {e.g., 504, 702) can perform matrix
processing other than matrix multiphication. The optical matrix multiphication unit 502 and
708 can be replaced by an optical matrix processing unit that performs other types of matrix

processing.
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[004971 ¥I1G. 25 shows a flowchart of an example of a method 2500 for performing an
ANN computation using the ANN computation system 500, 700, or 900 that include one or
more optical matrix multiplication units or optical multiplication units that have passive
diffractive elements, such as the 2D OMM unit 502, the 3D OMM unit 708, or the 1D OM
unit 916, The steps of the process 2500 may be performed at least in part by the controller
110 or 902. In some implementations, various steps of method 2500 can be run in parallel, in
combination, 1n loops, or in any order.

[00498] At 2510, an artificial neural network {ANN) computation request comprising an
mput dataset 1s received. The input dataset includes a first digital input vector. The first
digital input vector is a subset of the mput dataset. For example, it may be a sub-region of an
image. The ANN computation request may be generated by various entities, such as the
computer 102, The computer may include one or more of various types of computing
devices, such as a personal computer, a server computer, a vehicle computer, and a flight
computer. The ANN computation request generally refers to an electrical signal that notifies
or informs the ANN computation system 300, 700, or 900 of an ANN computation {0 be
performed. In some mmplementations, the ANN computation request may be divided mnto
two or more signals. For example, a first signal may query the ANN computation system
500, 700, or 900 1o check whether the system 500, 700, or 900 15 ready to receive the input
dataset. Inresponse to a positive acknowledgement by the system 560, 700, or 900, the
computer may send a second signal that includes the input dataset.

[00499] At 2520, the input dataset 1s stored. The controller 110 may store the mput dataset
in the memory unit 120, Storing of the input dataset in the memory unit 120 may allow
flexibilities i the operation of the ANN computation system 500, 700, or 900 that, for
example, can improve the overall performance of the system. For example, the input dataset
can be divided into digital input vectors of a set size and format by retrieving desired portions
of the input dataset from the memory unit 120. Different portions of the input dataset can be
processed in various order, or be shuffled, to allow various types of ANN computations to be
performed. For example, shuffling may allow matrix multiplication by block matrix
multiplication technique in cases where the input and output matrix sizes are different. As
another example, storing of the mput dataset in the memory unit 120 may allow queuing of

multiple ANN computation requests by the ANN computation system 500, 700, or 900,
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which may allow the system 500, 700, or 900 to sustain operation at its full speed without
periods of mactivity.

[00500] At 2530, a first plurality of modulator control signals s generated based on the
first digital input vector. The controller 110 may send & BAC control signal to the DAC unit
506, 712, or 904 for generating the first plurality of modulator control signals. The DAC unit
506, 712, or 904 generates the first plurality of modulator control signals based on the first
DAC control signal, and the modulator array 144, 706, or 912 generates the optical input
vector representing the first digital input vector.

[00501]  The fust DAC control signal may nclude multiple digital values to be converted
by the DAC unit 506, 712, or 904 into the first plurality of modulator control signals. The
multiple digital values are generally in correspondence with the first digital input vector, and
may be related through various mathematical relationships or look-up tables. For example,
the multiple digital values may be linearly proportional to the values of the elements of the
first digital input vector. As another example, the multiple digital values may be related to
the elements of the first digital input vector through a look-up table configured to maintain a
linear relationship between the digital input vector and the optical input vector generated by
the modulator array 144, 706, or 912,

[00502] In some implementations, the 2D OMM umit 502, 383 OMM unit 708, or 1D OM
unit 916 1s configured to performing optical matrix processing or optical multiphication based
on the optical input vector and a plurality of neural network weighis implemented using
passive diffractive elements. The plurality of neural network weights representing a matrix M
may be decomposed through singular value decomposition (SVD) method into M=USV*,
where U is an M x M unitary matrix, S is an M x N diagonal maltrix with non-negative real
numbers on the diagonal, and V* is the complex conjugate of an N x N unitary matrix V. In
such cases, the passive diffractive elements may be configured io implement the matrix V,
the matrix S, and the matrix 1J such that the OMM unit 502 or 708 as a whole mmplements the
matrix M.

[00503] At 2540, a first plurality of digitized optical outputs corresponding to the optical
output vector of the optical matrix multiplication unit or optical multiplication is obtained.
The optical input vector generated by the modulator array 144, 706, or 912 is processed by

the 2D OMM unit 502, 3D OMM unit 708, or the 1D OM unit 916 and transformed into an



25

30

WO 2019/236591 PCT/US2019/035403
111

optical output vector. The optical output vector is detected by the detection unit 146, 710, or
920 and converted into elecirical signals that can be converted mto digitized values by the
ADC unit 160 or 930. The controller 110 or 902 may, for example, send a conversion
request to the ADC unit 160 or 930 to begin a conversion of the voltages output by the
detection unit 146, 710, or 920 into digitized optical outputs. Once the conversion is
complete, the ADC unit 160 or 930 may send the conversion result to the controller 110 or
902, Alternatively, the controller 110 or 902 may retrieve the conversion result from the
ADC unit 160 or 930, The controller 110 or 902 may form, from the digitized optical
outputs, a digital output vector that corresponds to the result of the matrix multiplication or
vector multiplication of the input digital vector. For example, the digitized optical outputs
may be organized, or concatenated, to have a vector format.

[00504] In some implementations, the ADC unit 160 or 930 may be set or controlled to
perform an ADC conversion based on a DAC control sigoal issued to the DAC unit 506, 712,
or 904 by the controllier 110 or 902. For example, the ADC conversion may be set to begin
at a preset time following the generation of the modulation control signal by the DAC unit
506, 712, or 904. Such control of the ADC conversion may simplify the operation of the
controller 110 or 902 and reduce the number of necessary control operations.

[00505] At 2550, a nonlinear transformation 13 performed on the first digital cutput vector
o generate a first transformed digital output vector. A node, or an artificial neuron, of an
ANN operates by first performing a weighted sum of the signals received from nodes of g
previous laver, then performing a nonhinear transformation (“activation™) of the weighted
suim to generate an output. Various tvpes of ANN may implement various types of
differentiable, nonlinear transformations. Examples of nonlinear transformation functions
inclade a rectified linear unit (RELU) function, a Sigmoid function, a hyperbolic tangent
function, an X2 function, and a [X| function. Such nonlinear transformations are performed
on the first digital output by the controller 110 or 902 to generate the first transformed digiial
output vector. In some implemeniations, the nonlinear transformations may be performed by
a specialized digital integrated circutiry within the controlier 110 or 902, For example, the
controller 110 or 902 may include one or more modules or circuit blocks that are specifically
adapted to accelerate the computation of one or more types of nonlinear transformations.

[00506] At 2560, the first transformed digital output vector 1s stored. The controller 110 or
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902 may store the first transformed digital output vector in the memory unit 120, In cases
where the input dataset is divided into multiple digital input vectors, the first transformed
digital output vector corresponds to a result of the ANN computation of a portion of the mput
dataset, such as the first digital input vector. As such, storing of the first transformed digital
output vecior allows the ANN computation system 500, 700, or 900 to perform and store
additional computations on other digital input vectors of the mput dataset to later be
aggregated mnto a single ANN output.

(005071 At 2570, an artificial neural network output generated based on the first
transformed digital output vector is output. The controller 110 or 902 generates an ANN
output, which is a result of processing the input dataset through the ANN defined by the first
plurality of neural network weights. In cases where the imput dataset is divided into multiple
digital input vectors, the generated ANN output is an aggregated output that includes the first
transformed digital output, but may further include additional transformed digital outputs that
correspond to other portions of the input dataset. Once the ANN output 18 generated, the
generated output 1 sent to a computer, such as the computer 102, that originated the ANN
compuiation request.

[00508] The 2D OMM unit 502, 30 OMM unit 708, or 1B OM unit 916 can represent the
weight coefficients of one idden layer of a neural network. If the neural network has several
hidden layers, additional 2D OMM unit 502, 3D OMM unit 708, or 1D OM unit 916 can be
coupled n serigs. FIG. 26 shows an example of an ANN computation system 2600 for
mmplementing a neural network having two hidden layers. A first 2D optical matrix
mutftiplication unit 2604 represents the weight coefficients of the first hidden layer, and a
second 2D optical matrix multiplication unit 2606 represents the weight coefficients of the
second hidden layer. The ANN computation system 2600 includes a controller 110, a
memory unit 120, a DAC unit 506, and an optoelectronic processor 2602, The memory umit
120 and the DAC unit 5006 are similar to the corresponding components of the system 500 in
FIG. 5. The optoelectronic processor 2602 is configured to perform matrix computations
using optical and electronic components.

{00509  The optoelecironic processor 2602 includes a first laser unit 142, a first modulator
array 144a, the first 2D optical matrix multiphication unit 2604, a first detection unit 146a, a

first analog non-linear unit 310a, an analog memory unit 320, a second laser unit 142b, a
2 g
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second modulator array 144b, the second 2D optical matrix multiplication unit 2606, a
second detection unit 146b, a second analog non-linear unit 310b, and an ADC unit 160, The
operations of the first laser unit 142, the first modulator array 144a, the first detection unit
1464, the first analog non-linear unit 310a, and the analog memory unit 320 are sinular to
corresponding components shown 1n FIG. 3B, The first 2D OMM unit 2604 1s similar to the
2D OMM 502 of FIG. 5. The output of the analog memory unit 320 drives the second
modulator array 144b, which modulates the laser light from the second laser unit 142b to
generate an optical vector. The optical vector from the second modulator array 144b 1s
processed by the second 2D OMM unit 2606, which performs a matrix multiplication and
generates an optical output vector that 1s detected by the second detection unit 246b. The
second detection umit 246b s configured to generate output voltages corresponding to the
optical signals of the optical output vector from the 21 OMM unit 2606. The ADC unit 160
158 configured to convert the output voltages nto digitized output voltages. The controller 110
may obtain, from the ADC unit 160, the digitized outputs corresponding to the optical output
vector of the second 2D OMM unit 2606, The controller 110 may form, from the digitized
outputs, a digital output vector that corresponds to the result of the second matrix
multiphication of the nonlimear transformation of the result of the first matrix multiphication
of the input digital vector. The second laser unit 142b can be combined with the first laser
unit 142a by using optical splitters to divert some of the light from the first laser unit 142a to
the second modulator array 144b.

[00510] The principle described above can be applied to implementing a neural network
having three or more hidden lavers, in which the weight coefficients of each hidden layer is
represented by a corresponding 2D OMM umt.

[00511] FIG. 27 shows an example of an ANN computation system 2700 for implementing
a neural network having two hidden layers. A first 3D optical matrix multiplication unit 2704
represents the weight coefficients of the first hidden layer, and a second 3D optical matrix
multiplication unit 2706 represents the weight coefficients of the second hidden layer. The
ANN computaiion system 2700 includes a controller 110, a memory unit 120, a DAC unit
712, and an optoelectronic processor 2702, The memory unit 120 and the DAC unit 712 are

!

similar to the corresponding components of the systerm 700 in FIG. 7. The optoelectronic
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processor 2702 is configured to perform matrix computations using opiical and electronic
components.

[00512] The optoelectronic processor 2702 mcludes a first laser unit 704, a first modulator
array 706a, the first 3D optical matrox multiphication unit 2704, a first detection unit 710a, a
first analog non-linear unit 310a, an analog memory unit 3290, a second laser unit 704b, a
second modulator array 706b, the second 2D optical matrix multiplication unit 2706, a
second detection umit 710b, a second analog non-linear unit 310b, and an ADC umt 160. The
operations of the first laser unit 704a, the first modulator array 7006a, the first detection unit
710a, the first analog non-linear unit 310a, and the analog memory unit 320 are similar to
corresponding components shown in FIG. 3B. The first 3D OMM umit 2704 15 similar to the
3D OMM 708 of FIG. 7. The output of the analog memory unit 320 drives the second
modulator array 706b, which modulates the laser light from the second laser unit 704b to
generate an optical vector. The optical vector from the second modulator array 706b 1s
processed by the second 3D OMM unit 2706, which performs a matrix multiplication and
generates an optical output vector that 1s detected by the second detection umt 710b. The
second detection unit 710b is configured to generate cutput voliages corresponding to the
optical signals of the optical output vector from the 3D OMM unit 2706, The ADC unit 160
is configured to convert the output voltages into digitized output voltages. The controller 110
may obiain, from the ADC unit 160, the digitized outputs corresponding to the optical output
vector of the second 3D OMM unit 2706, The controller 110 may form, from the digitized
ouiputs, a digital output vector that corresponds to the result of the second matrix
mutftiplication of the nonhinear transformation of the result of the first matrix multiplication
of the input digttal vector. The second laser unit 704b can be combined with the first laser
unit 704a by using optical spliters to divert some of the light from the first laser unit 704a to
the second modulator array 706b.

[00513] The principle described above can be applied to implementing a neural network
having three or more hidden layers, in which the weight coefficients of each hidden layer is
represenied by a corresponding 350 OMM unit.

[00514] The 2D OMM units S02 and 3D OMM units 708 having passive diffractive optical
elements are suitable for use in recurrent neural networks (RNN} m which the output of the

network during a {(k)th pass through the neural network is recirculated back to the mnput of the
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neural network and used as the input during the (k+1)th pass, such that the weight
coefficients of the neural network remain the same during the multiple passes.

[00515] FIG. 28 shows an example of a neural network computation system 2800, which
can be used to implement a recurrent neural network. The system 2800 includes an optical
processor 2802 that operates in a manner similar to that of the optical processor 140 of FIG.
3B, except that the OMM unit 150 1s replaced by the 2D OMM unit 2804, which can be
similar to the 2D OMM unit 502 of FIG. 6. The neural network weights for the 203 OMM
unit 2804 are fixed, 50 the system 2800 does not need the second DAC subunit 134 that is
used in the system 302 of FIG 3B

[00516]  FIG. 29 shows an example of a neural network computation systern 2900, which
can be used to implement a recurrent neural network. The system 2900 includes an optical
processor 2902 that operates in a manner similar to that of the optical processor 140 of FIG.
3B, except that the laser unit 142, the modulator array 144, the OMM unit 150, and the
detection umt 146 are replaced by the laser unit 704, the modulator array 706, the 3D OMM
unit 2904, and the detection unit 710, respectively, of FIG. 7. The neural network weights for
the 3D OMM unit 2904 are fixed, so the system 2900 does not need the second DAC subunit
134 that 1s used 10 the system 302 of FIG. 3B.

[00517] FIG. 30 shows a schematic diagram of an example of an artificial neural network
computation system 3000 with 1-bit internal resolution. The ANN computation system 3000
1s similar to the ANN computation system 400 of FIG. 4A, except that the OMM unit 15015
replaced by the 2D OMM unit 3004 (which 1s stmilar to the 2D OMM umit 502 of FIG. 5),
and the second driver subunit 434 1s omitted. The ANN computation system 3000 operates
in a manner similar to that of the ANN computation system 400, in which the input vector is
decomposed into several 1-bit vectors, and certain ANN computation may then be performed
by performing a series of matrix multiplication of the 1-bit vectors followed by summation of
the individual mairix multiplication result.

{00518] FIG. 31 shows a schematic diagram of an example of an artificial neural network
computation system 3100 with 1-bit internal resolotion. The ANN computation system 3100
is similar to the ANN computation system 400 of FIG. 4A, except that the OMM unit 150 s
replaced by the 31 OMM unit 3104 (which s similar to the 3D OMM unit 708 of FIG. 7},

and the second driver subunit 434 is omitted. In the example of FIG. 31, the laser unit 142,
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the modulator array 144, and the detection unit 146 of FIG. 4A are replaced by the laser unit
704, the modulator array 706, and the detection unit 710, respectively, of FIG. 7. The ANN
compuiation system 3100 operates in a manner similar to that of the ANN computation
system 400, in which the input vector is decomposed into several 1-bit vectors, and certain
ANN computation may then be performed by performing a series of matrix multiplication of
the 1-bit vectors followed by summation of the individual matrix multiphication result.
[00519] The following describes principles of the optical diffractive neural networks. An
optical diffractive neural network can be implemented as a few layvers of diffractive or
transmissive optical media. Based on the Huygens—Fresnel principle, each point in the
diffractive media can be considered as a secondary light source. For each light source, the far

field diffraction can be described in the following equation:

Here, indices | and 1 indicate i1-th neuron in the 1-th laver of the neural network, A 1s the

wavelength of the light, 1 is the distance in which

The output from each secondary light source can be written as the input times the phase and

mtensity modulation from the light source:
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Here, 1 15 transmission modulation, which is a complex term that includes both amplitude and

SR 0 |
L RN S . ‘ . ‘
phase modulation, and 7% % s a sumumation of input from all previous light sources.

Overall, the output can be consolidated into the far-field diffraction w time and amplitude |A]
and an additional phase term. Therefore, each point in each layer can be considered a neuron
that takes mput from multiple neurons from the previous layer and adds additional phase and
mtensity modulation before outputting to the next layer.

[00520] The following describes a compact design for a compact photonic matrix
roultiplier unit that can implement general unitary matrix multiphications. Referring to

FIG. 11, a photonic matrix multiplier unit 1100 includes modulators 1102, a plurality of
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interconnected interferometers 1104, and attenuators 1106, The interconnected
mterferometers 1104 include lavers (or groups or seis) of directional couplers 1108a, 1108b,
1108¢, 1108d, and 1108e {collectively 1108) and layers {or groups or sets} of phase shifters
1110a, 1110b, 1110¢, and 1110d {collectively 1110). Each laver {or group or set} of
directional coupler(s) can include one or more directional couplers. Each layer of phase
shifter(s) can include one or more phase shifters. In this example, the interconnected
mterferometers 1104 includes five layers of directional couplers 1108 and four layers of
phase shifters. In other examples, the photonic matrix multiphier unit 1100 can have different
layers of directional couplers and phase shifters. The photonic roatrix multiphier unit 1100
has directional couplers 1108 that are positioned in a way such that the number of lavers of
the directional couplers 1108 1s reduced, as compared to conventional matrix multiphier units
that use interconnected Mach-Zehunder interferometers.

[00521] Here, the term “layer” in the phrase “lavers of directional couplers” and “layers of
phase shifters” refers to a group or a set of directional couplers or phase shifters based on
their positions in the photonic matrix mudtiphier unit 1100 relative to the input ports and
output ports. In the example of FIG. 11, the input hight signals are processed by a first faver
of direction couplers 1108a, then processed by a second layer of phase shifters 1110a, then
processed by a third layer of directional coupler(s} 1108b, then processed by a fourth layer of
phase shifters 1110b, etc.

[00522] For example, a conventional matrix multiplier unit that uses mterconnected Mach-
Zehnder interferometers may require 2N layers of directional couplers, whereas the photonic
mairix multiplier unit 1100 only needs N+2 layers of directional couplers. N refers to the
number of input signals, or the number of digits in the input vector. It is possible that the
mesh architecture used in the photonic matrix multiplier unit 1100 has the most compact
geometry for photonic mterconnected interferometers that can perform general matrix
compuiation,

{00523 FIG. 12A shows diagrams comparing the mterconnected interferometers 1104 of
the photonic matrix multiplier unit 1100 versus the conventional design for various numbers
of input signals. When there are 4 input signals, interconnected Mach-Zehnder
interferometers 1200 according to the conventional design needs & layers of directional

couplers, whereas interconnected interferometers 1202 according to the new compact design
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only needs & lavers of directional couplers. When there are 3 input signals, interconnected
Mach-Zehnder imerferometers 1204 according to the conventional design needs 6 layers of
directional couplers, whereas mnterconnected interferometers 1206 according to the new
compact design only needs 5 layers of directional couplers. When there are 8 input signals,
mterconnected Mach-Zehnder interferometers 1208 according to the conventional design
needs 16 layers of directional couplers, whereas interconnected interferometers 1210
according to the new compact design only needs 10 layers of directional couplers.

[00524] In general, when there are # mput signals, interconnected Mach-Zehnder
mterferometers according to the conventional design needs 2+ layers of directional couplers,
whereas mnterconnected interferometers according to the new compact design only needs #+2
layers of directional couplers.

{00525  In the conventional design, for » input signals, there are » layers of Mach-Zehnder
interferometers, and each Mach-Zehnder interferometer includes a directional coupler
followed by a pair of phase shifters, followed by another directional coupler. Thus, n layers
of Mach-Zehnder interferometers have 2n layers of directional couplers. As a result, in the
conventional design, for » input signals, there needs to be » layers of phase shifters and 2#
layers of directional couplers.

[00526] By comparison, in the new compact design, a layer of directional couplers 1s
followed by a first layer of phase shifiers, followed by a layer of directional couplers,
followed by a second laver of phase shifters, followed by a laver of directional couplers,
followed by a third layer of phase shifters, and so forth. After the last layer of phase shifters,
there are two layers of directional couplers. As a result, for » mmput signals, there are » layers
of phase shifters and n+2 layers of directional couplers.

[00527] Because directional couplers take up a significant amount of space, reducing the
number of directional couplers from 2-» to n+2 results in a significant reduction in the size of
the photonic matrix multiplier unit 1100, as compared to the conventional design.

[00528] FIG. 12B 1s a diagram showing compact interconnected interferometers 1212
according to the new design in which the number of input signals 15 5.

[00529] The following describes compact design decomposition using gradient descent.
The compact design for the photonic matrix multiplier described above can take any unitary

matrix U and use an analytic decomposition algorithim to determine what phases are needed
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to implement with the phase shifters and thus implement the matrix U. For example, we can
extract the phases from the given matrix U by using gradient descent. The gradient descent
process is as follows. We start from a fixed matrix U and mnitialize random weights & for the
phase-shifters of the compact design. We construct the maitrix U’ asing the compact design,
re. U'=CompactDesign{f). We then look at the loss function L={U-1{"2 {this 15 the
Frobenius norm for matrices) and minimize that function with gradient descent {1 e update 8
by using gradient updates).

[00530] Referring to FIG. 13, we use homodyne detection {(e. g, we take the real part at the
ouiput), so an extra layer of attenuators 1302 is provided before the detection in order to
simulate an orthogonal matrix. This means that along with 8 we also need to learn diagonal
weights x for the attenuators. In this way, we can learn the phases and diagonal weights
needed for U, and can obtain the decomposition numerically.

{00531] The following describes optical generative adversarial networks {OGAN) that
include generators configured to generate faithful data efficiently. FIG. 14 illustrates an
example of an optical generative adversarial network 1400 in which a generator 1404
comprises a neural network that is configured or trained to produce synthesized images 1410
that resemble real images, and a discriminator 1402 comprises a neural network that is
trained to determine whether an input image is real or synthesized. An initial set of training
images 1406 1s provided to train the discriminator 1402 so that the discriminator 1402 learns
the features of real images. Similarly, the generator 1404 1s trained using a set of training
images (not shown) so that the generator 1404 can generate synthesized images 1410 having
features that resemble those of real images.

[00532]  In some implementations, the training of the discriminator 1402 1s performed
electromically, e.g., using transistor based data processors (such as central processing units or
general purpose graphic processor units) to calculate the weights for the neural lavers of the
discriminator 1402 Similarly, the training of the generator 1404 is also performed
electronically to calculate the weights for the neural layers of the generator 1404,

[00533] The synthesized images 1410 generated by the generator 1404 can be provided to
the discrinunator 1402 to further train the discriminator 1402, so that the discrinunator 1402
can detect real images more accurately. The results of the detections by the discrimmator

1402 can also be used to further train the generator 1404 so that the generator 1404 can
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generate synthesized images 1410 that are more realistic, 1 e, more closely resemble the real
mages.

{00534} The optical generative adversarial network 1400 has many applications. For
example, in some applications it may be difficult or expensive to obiain a large number of
real images for use i training the discriminator 1402, In order to train the discriminator 1402
to detect, e.g., cancer cells, a large number of images of cancer cells are needed during the
training stage. Obtaining a large number of images of cancer cells from cancer patients may
be difficult and expensive, so there may not be enough samples to train the

discriminator 1402 with sufficient accuracy. To improve the discrimotnator 1402, the
generator 1404 is trained to generate realistic images of cancer cells, and the synthesized
realistic images 1410 of cancer cells are used to further train the discriminator 1402, thereby
improving the ability of the discriminator 1402 to detect cancer cells.

[00535] In some implementations, the generator 1404 can be an optical chip that includes
active elernents such as active phase shifters for modifving the weights of the neural network,
After the generator 1404 1s trained, the active elements are fixed so that the weights are fixed.
Random noise 1408 is fed into the generator 1404, which then generates synthesized

mnages 1410 based on the random noise 1408, m which the synthesized images 1410
resemble real images of cancer cells.

[00536]  In some implementations, the generator 1404 1s implemented using the optical
matrix multiplication units shown m FIGS. 5, 7, and/or 9. After the weights for the nsural
network are determined, the optical matrix multiplication unit 13 configured based on the
determined weights to implement the neural network. Because the input to the

generator 1404 15 random noise 1408, 1t 1s not necessary to have a modulator array, allowing
the generator 1404 to have a small footprint.

{00537]  Regardless of whether the generator 1404 is implemented using a passive optical
chip or an optical chip having active elemenits, the trained generator 1404 can generate
realistic images {(e.g., resembling real images of cancer cells) that can then be provided to the
discriminator 1402 to further train and improve the discriminator 1402. The generator 1404
has a high throughput and can generate synthesized images 1410 at a rate potentially orders
of magnitude faster than using conventional electronic data processors, such as general

purpose graphic processing units. The generator 1404 has a low power consumption, possibly
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with orders of magnitude less power consumption as compared to using conventional
electronic data processors.

{00538] The generator 1404 has diverse applications. For example, the synthesized images
produced by the generator 1404 can have many applications in the medical field. The
generator 1404 can be configured to synthesize images of tissues associated with certain
diseases, and the synthesized images can be used to train the discriminator 1402 to recognize
tissues associated with the diseases. For example, the synthesized images generated by the
generator 1404 can have many applications in the field of autonomous driving or navigation.
For example, the generator 1404 can be configured to generate synthesized images of various
traffic conditions, and the synthesized images can be used to train the discriminator 1402 to
recognize the traffic conditions. For example, the synthesized images generated by the
generator 1404 can have many applications 1o the field of manufacturing quality control. For
example, the generator 1404 can be configured to generate synthesized tnages of products
having defects, and the synthesized images can be used 1o train the discriminator 1402 to
detect defective products.

[065391  In some implementations, the optical generative adversarial network 1400 includes
a coherent light source, a filter for inputs of random amplitude and phases, in which both
amplitudes and phases follow a known distribution. The optical generative adversarial
network 1406 includes a mesh of mterferometers for fast processing of the information. The
optical generative adversarial network 1400 can be designed to have an architecture that does
not need to shuffle weights, 1.e., no reprogramming of the interferometers. The optical
generative adversarial network 1400 can also be designed to include fast phase-shifters
having an operating frequency greater than 1 GHz The optical generative adversarial
network 1400 can have fast execution of non-linearity. For example, it can have (1} non-
linearity in the analog electronics domain, {11} simple optical non-linearity, or (iii} non-
linearity in the digital electronics domain.

{00540] The following describes a novel photonic circuit having interconnected Mach-
Zehnder interferometers and configured to implement logic gates. Referring to FIG. 15, a
Mach-Zehnder interferometer 1500 includes phase shifters 1502 configured in such a way

that the Mach-Zehnder interferometer 1500 implements the following rotation:
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{00541} Referring to FIG. 16, a photonic circuit 1600 can implement an XOR gate and an
OR gate. The photonic circuit 1600 includes a Mach-Zehnder interferometer 1500, a
detector 1602, and comparators 1604 having analog electronic thresholds. When input
signals x1 and x2 are provided to the photonic circuit 1600, the Mach-Zehnder

mterferometer 1500 performs the operation:

1
M . (:Xrl) ﬁ@cl-m‘xz)
X2 %@1"“9‘62)

The detector 1602 generates an output representing the absolute value of the detected signal,

s0 the output of the detector 1602 15

- () {3

1
ﬁ?«xs_ +x5]

The analog electronic thresholds of the comparators 1604 are biased at ¥4 to remove the 1/

V2 factor, so the outputs of the comparators 1604 are:

XOR{xi, xz)
OR (x4, %3)

[00342] The photonic circuit 1600 produces the following results for various combinations
of the input signals x1, x2:
0,0 > 0, 0 =0, 0
0, 1 = lsqgi(Z), Vsgrt(Zy = 1, 1
0 - Tsqr2), Vsqr2) > 1, 1

Lt o= 0, sgrt(Zy = 0, 1
In above, the first pair of numbers are the mput signals, the second pawr of numbers are the
outputs of the detector 1602, and the third pair of numbers are the outputs of the comparators
1604. When mput (x1, x2) = {0, 0}, the Mach-Zehnder interferometer 1500 performs a

multiplication that produces results (0, 0}, the detector 1602 outputs {0, 0), and the
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comparators 1604 produce results (0, 0). When input (x1, x2) = (0, 1}, the Mach-Zehnder
interferometer 1500 performs a multiplication that produces results (-1 /2, 1 /+/2), the
detector 1602 outputs (1 / V2, 1/+/2), and the comparators 1604 produce results (1, 1).
When mput {x1, x2} = (1, 0}, the Mach-Zehnder interferometer 1500 performs a
multiplication that produces results (1 / V2, 1/+v2), the detector 1602 outputs
(1/+/Z,1/+2), and the comparators 1604 produce results (1, 1). When input (x1, x2) =

(1, 1}, the Mach-Zehnder mnterferometer 1500 performs a multiplication that produces results
(0, v2), the detector 1602 outputs {0, vZ), and the comparators 1604 produce results (0, 1),
The above results indicate that the detector 1602 generates 1 /v/2 - x1 - x2] at a first output

1606aand 1/ V2 -

x1 + %2} at a second output 1606b. The coraparators 1604 remove the 1/
V2 factor to generate XOR(x1, x2) at a first output 1608a and OR(x1, x2) at a second output
1608b.

005431 Referring to FIG. 17A, a photonic circuit 1700 can implement an AND gate and an
OR gate. The photonic circuit 1700 includes a Mach-Zehnder interferometer 1500 and a
detector 1602, in which the outputs of the detector 1602 are recycled once. When input
signals x1 and x2 are provided to the photonic circuit 1700, the Mach-Zehnder

mterferometer 1500 and the detector 1602 generates an output:

M-
X2
The output of the detector 1602 is recycled back to the input of the photonic circuit 1600, and

atter the signals goes a second pass through the Mach-Zehnder interferometer 1500 and the

detector 1602, the detector 1602 produces a final output:

X1
X2

M- M-

[00544] The photonic circuit 1700 produces the following results for various combinations

of the input signals x1, x2:
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In above, the first pair of numbers are the mput signals, the second pair of numbers are the
outputs of the detector 1602 after the first pass, and the third pair of numbers are the outputs
of the detector 1602 after the second pass. When input (x1, x2} = {0, 0}, after a first pass
through the Mach-Zehnder interferometer 1500, the detector 1602 outputs (0, 0), and aftera
second pass through the Mach-Zehnder interferometer 1500, the detector 1602 outputs (0, 0.
When input (x1, x2} = (0, 1), after a first pass through the Mach-Zehnder interferometer
1500, the detector 1602 outputs (1 /2, 1 /+/2), and after a second pass through the Mach-
Zehnder interferometer 1500, the detector 1602 ouiputs (0, 1). When input (x1, x2) = (1, 0},
after a first pass through the Mach-Zehnder mterferometer 1300, the detecior 1602 ouiputs
(1/+/2,1/+2), and after a second pass through the Mach-Zehnder interferometer 1500, the
detector 1602 ocutputs (0, 1), When input {x1, x2) = (1, 1}, after a first pass through the Mach-
Zehnder mterferometer 1500, the detector 1602 outputs (0, \/’E}, and after a second pass
through the Mach-Zehnder interferometer 1500, the detector 1602 outputs (1, 1). The above
results indicate that after two passes, the detector 1602 generates a signal representing
ANIDHx1, x2) at a first output 1704 and a signal representing OR(x1, x2} at a second

output 1706.

[00545] FIG. 178 shows another implementation of a photonic circuit 1710 that includes 2
first Mach-Zehnder interferometer 1712, a first detector 1714, a second Mach-Zehnder
mterferometer 1716, and a second detector 1718. The second detector 1718 produces a first
output 1720 that represents AND(x1, x2), and a second output 1722 that represents

OR{x1, x2).

[00546]  The above describes using photonic circuits that include Mach-Zehnder
mterferometers, directional couplers, planar optical wavegmdes, and photodetectors to
implement logic gates such as AND, OR, and XOR gates. The logic gates can be used to
generate comparators that can be used for sorting algorithms, for example, algorithms similar

to the Bitonic sorter described at the ink URL
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<https://en wikipedia.org/wiki/Bitonic_sorter>. As another example, the logic gates can be
used to construct hashing algorithms similar to SHA-2, described at the link URL <
https://en wikipedia org/wiki/SHA-2>, which 15 a standard suggested by NIST and has many
apphications, including e g Bitcoin mining and creation of Bitcoin addresses. Because the
logic circuits implemented using photonic circuits described above are mostly passive, they
can have less latency and lower power consumption, as compared to CMOS logic gates.
There 13 no optical nonlinearity in the design of the optical logic gates. The nounlinear

response comes from the detection of the signal using photodetectors.

005471 Non-Coherent or Low-Coherent Optical Computing Systems

[00348] The following describes optoelectronic computing systems that process non-
coherent or low-coherent optical signals in performing matrix computations. The optical
processor 140 of the ANN computation system 100 in FIG. 1 includes a laser unit 142 that
generates N hight outputs that have the same wavelength and are optically coherent. The
optical matrix mudtiphication unit 150 performs an N x N matrix moultiplication in the optical
domain, in which the optical signals remain coherent from the input of the OMM unit 150 to
the output of the OMM umit 150. The advantages of the OMM unit 150 1 performing the
matrix multiplication i the optical domain have been described above. The following
describes optoelectronic computing systems that does not require the optical signals to be
coherent throughout the entire matrix multiplication process, in which some portions of the
computations are performed in the optical domain, and some portions of the computations are
performed in the electrical domain. The advantages of the optoelectronic computing systems
have been described in the summary section above.

[00549] The optoelectronic computing system produces a computational result using
different types of operations that are each performed on signals (e.g., electrical signals or
optical signals) for which the underlying physics of the operation is most suitable {(e.g., in
terms of energy consumption and/or speed). For example, copying can be performed using
optical power splitting, summation can be performed using electrical current-based
summation, and multiplication can be performed using optical amplitude modulation. An
example of a computation that can be performed using these three types of operations is

multiplying a vector by a mairix {(e.g., as employed by artificial neural network
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computations}. A variety of other computations can be performed using these operations,
which represent a set of general linear operations from which a variety of computations can
be performed, including but not limited to: vector-vector dot products, vector-vector element-
wise multiplication, vector-scalar element wise multiplication, or matrix-matrix element-wise
multiplication.

[00550] Referring to FIG. 18, an example of an optoelectronic computing system 1800
meludes a set of optical ports or sources 18024, 1802B, etc. that provide optical signals. For
example, in some implementations, the optical port/source 1802A can include an optical
mput coupler that provides an optical sigoal that 1s coupled to an optical path 1803, In other
implementations, the optical port/source 1802A can include a modulated optical source, such
as a laser (e.g., for coherence-sensitive implementations) or a light emitting diode (LED)
{e.g., for coherence-insensitive implementations), which generates an optical signal that is
coupled to the optical path 1803, Some implementations may include a combination of ports
that couple optical signals into the system 1800 and sources that generate optical signals
within the system 1800, The optical signals may include any optical wave {e.g., an
electromagnetic wave having a spectrum that includes wavelengths in the range between
about 100 nm and about 1 mm) that has been, or 1s in the process of being, modulated with
mformation using any of a vartety of forms of modulation. The optical path 1803 can be
defined, for example, based on a guided mode of an optical waveguide {(e.g., a wavegiide
embedded in a photonic integrated circutt (PIC}, or an optical fiber), or based on a
predetermined free-space path between the optical port/source 1802A and another module of
the system 1800,

{00551]  In some implementations, the optoelectronic computing system 1800 is configured
to perform a computation on an array of input values that are encoded on respective optical
signals provided by the optical ports or sources 18024, 1802B, etc. For example, for various
machine learning applications based on neural networks, the computation may implement
vector-matrix multiplication {or vector-by-matrix mulitiplication) where an input vector is
mukiiplied by a matrix to yield an output vector as a result. The optical signals may represent
elements of a vector, including possibly only a subset of selected elements of the vector. For
example, for some neural network models, the size of a matrix used in the computation may

be larger than the size of a matrix that can be loaded into a hardware system (e.g., an engine
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or co-processor of a larger system) that performs a vector-matrix multiplication portion of the
computation. So, part of performing the computation may involve dividing the matrix and the
vector into smaller segments that can be provided to the hardware system separately.

[00552] The modules shown 1n FIG. 18 may be part of a larger system that performs
vector-matrix multiplication for a relatively large matrix {(or submatrix), such as a 64 X 64-
element matrix. But, for purposes of illustration, the modules will be described in the context
of an example computation that performs vector-matrix multiplication using a 2 X Z-element
matrix. The modules referenced in this example, will include two copy modules 104A and
1048, four multiplication modules 1806A, 1806B, 1806, and 1806D, and two summation

modules, only one of which, summation module 1808, 1s shown in FIG. 18, These modules

: e . - X o= My M
will enable multiplication of an input vector X = { xﬂ by a matrix M = EMA MB } to
. ¢ Mp

produce an output vector y = P}A}‘ For this vector-matrix multiplication § = M ¥, each of

Yr

the two elements of the output vector ¥ can be represented by a different equation, as
follows.

Vi = Myxs + Mpxp

vp = Mexg + Mpxg
[00553] These equations can be broken down into separate steps that can be performed in
the system 1800 using a set of basic operations: a copying operation, a multiplication
operation, and a summation operation. In these equations, each element of the input vector
appears twice, so there are two copying operations. There are also four multiplication
operations, and there are two summation operations. The number of operations performed
would be larger for systems that implement vector-matrix multiplication using a larger
matrix, and the relative number of instances of each operation would be different using a
matrix that is not square matrix in shape (i.e., with the number of rows being different from
the number of columns).
[005354] In this example, the copying operations are performed by copying modules 1804A
and 1804B. The elements of the input vector x, and xj are represented by values encoded on
optical signals from the optical port/source 1802A and 1802B, respectively. Each of these
values 13 used in both equations, so each value 15 copied to provide the resulting two copies

to different respective multiplication modules. A value may be encoded in a particular time
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slot, for example, using optical wave that has been modulated to have a power from a set of
multiple power levels, or having a duty cycle from a set of multipie duty cyceles, as described
in more detail below. A value 1s copied by copying the optical signal on which that value s
encoded. The optical signal encoded with the value representing element x4 is copted by
copving module 1804A, and the optical signal encoded with the value representing element
xg 18 copied by copying module 1804B. Each copying module can be implemented, for
example, using an optical power splitter, such as a waveguide optical splitter that couples a
suided mode m an input waveguide to each of two output waveguides over a Y-shaped
splitier that gradually (e.g., adiabatically) splits the power, or a free-space beam sphitter that
uses a dielectric interface or thin film with one or more layers to transmit and reflect,
respectively, two output beams from an input beam.

{00555 In this document, when we say that the optical signal encoded with the value
representing element x, is copied by the copying module 18044, we mean that multiple
copies of signals that represent element x, are produced based on the input signal, not
necessarily that the output signals of the copving module 1804A have the same amplitude as
that of the input signal. For example, if the copying module 1804 A splits the input signal
power evenly between two output signals, then each of the two output signals will have a
power that is equal to or less than 50% of the power of the mnput signal. The two output
signals are copies of each other, while the amplitude of each output signal of the copying
module 1804 A 1s different from the amplitude of the input signal. Also, in some
embodiments that have a group of multiple copying modules used for copying a given opiical
signal, or subset of optical signals, each individual copying module does not necessarily sphit
power evenly among its generated copies, but the group of copving modules may be
collectively configured to provide copies that have substantially equal power to the inputs of
downstream modules {(e.g., downstream multiplication modules).

[00556] In this example, the multiplication operations are performed by four multiplication
modules 1806A, 1806B, 1806C, and 1806D. For each copy of one of the optical signals, one
of the multiplication modules multiplies that copy of the optical signal by a matrix element
value, which can be performed using optical amplitude modulation. For example, the
mulktiplication module 1806 A multiplies the input vector element x, by the matrix element

M. The value of the vector element x,, can be encoded on optical signal, and the value of the
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matrix element M, can be encoded as an amplitude modulation level of an optical amphitude
modulator.

{005571 The optical signal encoded with the vector element x4 can be encoded using
different forms of amplitude modulation. The amplitude of the optical signal may correspond
1o a particular instantaneous power level P, of a physical optical wave within a particular
time slot, or may correspond 1o a particular energy £, of a physical optical wave over a
particular time slot (where the power integrated over time vields total energy}. For example,
the power of a laser source may be modulated to have a particular power level from a
predetermined set of multiple power levels. In some implementations, it may be useful to
operate electronic circuitry near an optimized operation point, 50 instead of varying the
power over many possible power levels, an optimized “on” power level is used with the
signal being modulated to be “on” and “off” {at zero power} for particular fractions of a time
slot. The fraction of time that the power 1s at the “on” level corresponds to a particular energy
level. Either of these particular values of power or energy may be mapped to a particular
value of the element x4 (using a linear or nonlinear mapping relationship). The actual
mtegration over time, to yield a particular total energy level, may occur downstream in the
system 1800 after signals are in the electrical domaim, as described in more detail below.
[00558] Additionally, the term “amplitude” may refer to the magnitude of the signal
represented by the instantaneous or integrated power in the optical wave, or may also
equavalently refer o the “electromagnetic field amplitude” of the optical wave. This s
because the electromagnetic field amplitude has a well-defined relationship to the signal
amplitude {e.g., by integrating an electromagnetic field intensity, which is proportional to the
square of the electromagnetic field amplitude, over a transverse size of a guided mode or
free-space beam to yvield the instantanecus power). This leads to a relationship between
modulation values, since a modulator that modulates the electromagnetic field amplitude by a
particular value VM can also be considered as modulating the power-based signal amplitude
by a corresponding value M (since the optical power is proportional to the square of the
electromagnetic field amplitude).

[00559] The optical amplitude modulator used by the multiplication module to encode the
matrix element M, can operate by changing the amplitude of the optical signal (1.e., the

power in the optical signal) using any of a variety of physical interactions. For example, the
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modulator can include a ring resonator, an electro-absorption modulator, a thermal electro-
optical modulator, or a Mach-Zehnder Interferometer (MZI) modulator. In some techniques a
fraction of the power is absorbed as part of the physical interaction, and in other techniques
the power is diverted using a physical interaction that modifies another property of the
optical wave other than its power, such as iis polarization or phase, or modifies coupling of
optical power between different optical structures (e.g., using tunable resonators). For optical
amplitude modulators that operate using interference (e.g., destructive and/or constructive
mterference) among optical waves that have traveled over different paths, coherent hight
sources such as lasers can be used. For optical amplitude modulators that operate using
absorption, either coherent or non-coherent or low-coherence light sources such as LEDs can
be used.

[00560]  In one example of a waveguide 1 X 2 optical amplitude modulator, a phase
modulator is used to modulate the power in an optical wave by placing that phase modulator
in one of multiple waveguides of the modulator. For example, the waveguide 1 X 2 optical
amplitude modulator may split an optical wave guided by an input optical waveguide nio
first and second arms. The first arm includes a phase shifter that imparts a relative phase ghift
with respect to a phase delay of the second arm. The modulator then combines the optical
waves from the first and second arms. In some embodiments, different values of the phase
delay provide multiplication of the power in the optical wave guided by the imnput optical
waveguide by a value between 0 to 1 through constructive or destructive interference. In
some embodiments, the first and second arms are combined into each of two output
waveguides, and a difference between photocurrents generated by respective photodetectors
receiving light waves from the two output waveguides provides a signed multiplication result
{e.g., multiplication by a value between -1 to 1), as described in more detail below. By
suitable choice of amplitude scaling of the encoded optical signals, the range of the matrix
element value can be mapped to an arbitrary range of positive values (0 to M), or signed
values (-M to M}.

[00561] In this example, the summation operations are performed by two summation
modules, with the summation module 1808, shown in FIG. 18, used for performing the
summation in the equation for computing the output vector element yy. A corresponding

summation module {(not shown) is used for performing the summation in the equation for
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computing the output vector element y,. The summation module 1808 produces an electrical
signal that represents a sum of the results of the two multiplication modules 1806C and
1806D. In this example, the electrical signal is in the form of a current iy, that is
proportional to the sum of the powers in the output optical signals generated by
multiplication modules 1806C and 1806D, respectively. The summation operation that yields
this current i,,,,, 1s performed m the optoelectronic domain in some embodiments, and 13
performed in the electrical domain in other embodiments. Or, some embodiments may use
optoelectronic domain summation for some summation modules and electrical domain
sumunation for other summation modules.

[00562] In embodiments in which the summation is performed in the electrical domain, the
sunmunation module 1808 can be implemented using: (1) two or more input conductors that
each carries an input current whose amplitude represents a result of one of the multiplication
modules, and (2) at least one output conductor that carries a current that is the sum of the
mput currents. For example, this occurs if the conductors are wires that meet at a junction.
Such a relationship can be understood, for example (without being bound by theory), based
on Karchhoff's current law, which states that current flowing into a junction is equal to
current flowing out of the junction. For these emboduments, the signals 1810A and 1810B
provided to the summation module 108 are input currents, which may be produced by
photodetectors that are part of the multiplication modules that generate a respective
photocurrent whose amplitude is proportional to the power 1n a received optical signal The
summation module 1808 then provides the output current i,,.,,,. The instantaneous value of
that cutput current, or the integrated value of that output current, can then be used to
represent the quantitative value of the sum.

[00563] In embodiments in which the summation is performed 1n the optoglectronic
domain, the summation module 1308 can be implemented using a photodetector {e.g., a
photodiode) that receives the optical signals generated by different respective multiplication
modules. For these embodiments, the signals 1810A and 1810B provided to the summation
module 1808 are input optical signals that each comprise an optical wave whose power
represents a result of one of the multiphication modules. The output current i, in this
embodiment 1s the photocurrent generated by the photodetector. Since the wavelengths of the

optical waves are different {(e.g., different enough such that no significant constructive or
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destructive interference occurs between them), the photocurrent will be proportional to the
sum of the powers of the received optical signals. The photocurrent is also substantially equal
to the sum of the mdividual currents that would result for the individual detected optical
powers detected by separate equivalent photodetectors. The wavelengths of the optical waves
are different, but close enough to have substantially the same response by the photodetector
{e.g., wavelengths within a substantially flat detection bandwidth of the photodetector). As
mentioned above, summation in the electrical domain, using current summation, may enable
a simpler system architecture by avoiding the need for multiple wavelengths.

[00564] FIG. 19A shows an example of a system configuration 1900 for an implementation
of the system 1900 for performing vector-matrix multiplication using a 2 X Z-element

matrix, with the summation operation performed in the electrical domain. In this example,

Y

. ) e Uy L=
the input vector is v = {Uz}’ and the matrix s M = [

My My
My My,

}. Each of the elements of the
mput vector is encoded on a different optical signal. Two different copying modules 1902
perform an optical copying operation to split the compwtation over different paths (e.g., an
“upper” path and a “lower” path). There are four multiplication modules 1904 that each
multiply by a different matrix element using optical amplitude modulation. At the output of
each multiplication module 1904, there is an optical detection module 1906 that converts an
optical signal to an electrical signal in the form of an electrical current. Both upper paths of
the different input vector elements are combined using a summation module 1908, and both
lower paths of the different input vector elements are combined using a summation module
1908, which performs summation mn the electrical domain. So, each of the elemenis of output
vector 15 encoded on a different electrical signal. As shown 1 FIG. 194, as the computation
progresses, each component of an output vector is incrementally generated to vield the
following results for the upper and lower paths, respectively.

M vy + My,

My vy + Myv,
[00565]  The system configuration 1900 can be implemented using any of a variety of
optoelectronic technologies. In some implementations, there is a8 common subsirate (e.g., a
semiconductor such as silicon), which may be able o support both integrated optics

components and electronic components. The optical paths can be implemented in waveguide
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structures that have a material with a higher optical index surrounded by a material with a
lower optical index defining a waveguide for propagating an optical wave that carries an
optical signal. The electrical paths can be implemented by a conducting material for
propagating an electrical current that carnes an electrical signal. (In FIGS. 19A 10 204, 21A
to 24E, unless otherwise indicated, the thicknesses of the lines representing paths are used to
differentiate between optical paths, represented by thicker lines, and electrical paths,
represented by thinner hines or dashed lines.} Optical devices such as splitters and optical
amplitude modulators, and electrical devices such as photodetectors and operational
amplifiers {op-amps) can be fabricated on the common substrate. Alternatively, different
devices having different substrates can be used to implement different portions of the system,
and those devices can be in communication over communication channels. For example,
optical fibers can be used to provide communication channels to send optical signals among
multiple devices used to implement the overall system. Those optical signals may represent
different subsets of an input vector that 1s provided when performing vector-matrix
multiphication, and/or different subsets of intermediate results that are computed when
performing vector-matrix multiplication, as described in more detail below,

[00566]  In this document, a figure may show an optical waveguide crossing an electrical
signal line, 1t 13 understood that the optical waveguide does not intersect the electrical signal
ling. The electrical signal line and the optical waveguide may be disposed at different layers
of the device.

[00567] FIG. 19B shows an example of a system configuration 1920 for an implementation
of the system 1900 for performing vector-matrix multiplication using a 2 X 2-element
matrix, with the summation operation performed in the optoelectronic domain. In this
example, the different 1nput vector elements are encoded on optical signals using two
different respective wavelengths A, and A,. Also, the optical output signals of the
multiplication modules 1904 are combined in optical combiner modules 1910, such that
optical waveguides guide both optical signals on both wavelengths to each of the
optoelectronic summation modules 1912, which may be implemented using photodetectors,
as used for the optical detection modules 1906 in the example of FIG. 19A. But, in this
example the summation is represented by the photocurrent representing the power in both

wavelengths instead of by the current leaving a junction between different conductors.
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[00568] In this document, when a figure shows two optical waveguides crossing each
other, whether the two optical waveguides are actually optically coupled to each other will be
clear from the description. For example, two waveguides that appear to cross each other from
a top view of the device mav be implemented in different layers and thus not intersect with
cach other. For example, the optical path that provides the optical signal A, as input to the
copying module 1902 and the optical path that provides the optical signal My 1V from the
multiplication module 1904 to the optical combiner module 1910 are not optically coupled to
each other, even though in the figure they may appear to cross each other. Similarly, the
optical path that provides the optical signal A, from the copying module 1902 to the
multiplication module 1904 and the optical path that provides the optical signal M1V from
the multiplication module 1904 to the optical combiner module 1910 are not optically
coupled to each other, even though in the figure they may appear to ¢ross each other.

[00569]  The system configurations shown in FIGS. 19A and 19B can be extended to

mmplement a system configuration for performing vector-matrix multiplication using an m x

vy
n-element matrix. In this example, the input vector i3 v = ,and the matrix is M =
| Un.
My o My
: - ¢ | For example, the input vector elements v to v, are provided by »
M mi 'an»

waveguides, and each input vector element is processed by one or more copying modules to

provide m copies of the mput vector element to m respective paths. Thereare m x »

mutktiplication modules that each multiply by a different matrix element using optical

amplitude modulation to produce an electrical or optical signal representing M;; - v; (I =

1..m,j =1..n). The signals representing M;; - v; (j = 1...n) are combined using an i-th

sumunation module (i = 1.._m) to produce the following results for the m paths, respectively.
Moy + Mpvs + -+ Mo,

Moy vy + Moy, + o+ My iy

M’mt‘; vy + Mmzvz + o Moy
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[00570] Since optical amplitude modulation is able to reduce the power in an optical signal
from 1ts full value to a lower value, down to zero (or near zero) power, multiplication by any
value between 0 and 1 can be implemented. However, some computations may call for
multiplication by values greater than 1 and/or multiplication by signed {positive or negative}
values. First, for extending the range to 0 to My, {where My, > 1), the original modulation
of the optical signals can include an explicit or implicit scaling of an original vector element
amplitude by M. (or equivalently, scaling the value mapped to a particular vector element
amplitude in a linear mapping by 1/M,,.) such that the range 0 to 1 for matrix element
amplitudes corresponds quantitatively in the computation to the range 0 to M, .. Second, for
extending the positive range 0 to M, for mairix element values o a signed range —M,, 10
Max @ symmetric differential configuration can be used, as described in more detat! below.
Similarly, a symmetric differential configuration can also be used to extend a positive range
for the values encoded on the various signals 1o a signed range of values.
{00571]  FIG. 20A shows an example of 3 symmetric differential configuration 2000 for
providing a signed range of values for values that are encoded on optical signals. In this
example, there are two related optical signals encoding unsigned values designated as V; and
V{7, where each value is assumed to vary between O (e.g., corresponding to an optical power
near zero) and V. (2.2, corresponding to an optical power at a maximum power level). The
relationship between the two optical signals is such that when one optical signal 15 encoded
with a “main” value V{ the other optical signal is encoded with a cotresponding “anti-
symmetric” value Vi such that as the main value V' encoded on one optical signal
monotonically increases from 0 to V., the anti-symmetric Vi value encoded on the paired
optical signal monotonically decreases from Vi, to 0. Or, conversely, as the main valae Vi
encoded on one optical signal monotonically decreases from Vi, to 0, the anti-symumnetric
value V[ encoded on the paired optical signal monotonically increases from 0 to Vi, After
the optical signals in the upper and lower paths are converted to electrical current signals by
respective optical detection modules 1906, a difference between the current signals may be
produced by a current subtraction module 2002, The difference between the current signals
encoding Vi and VI results in a current that is encoded with a signed value V; given as:
Vi=Vy = vy

where the signed value V; monotonically increases between —V, o and V., as the unsigned
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main value V;" monotonically increases from 0 to Vi, and its paired anti-symmetric value
Vi monotonically decreases from Vg, to 0. There are various techniques that can be used
for implementing the symmetric differential configuration of FIG. 20A, as shown in FIGS.
208 and 20C.

[00572] In FIG. 208, the optical signals are detected m a common-ternunal configuration
where two photodiode detectors are connected to a commmon ternunal 2032 {e.g., the inverting
termunal} of an op-amp 2030, In this configuration, a current 2010 generated from a first
photodiode detector 2012 and a current 2014 generated from a second photodicde detector
2016 combine at a junction 2018 among three conductors to produce a difference current
2020 between current 2010 and the current 2014, The currents 2010 and 2014 are provided
from oppostie stdes of the respective photodiodes, which are connected at the other ends to
voltage sources {not shown) providing bias voltages at the same magnitude vy, but of
opposite signs, as shown in FIG. 20B. In this configuration the difference is generated due o
the behavior of currents that meet at the common junction 2018, The difference current 2020
represents the signed value encoded on an electrical signal corresponding to the difference
between the unsigned values encoded on detected optical signals. The op-amp 2030 may be
configured in a transimpedance amplifier (TIA) configuration in which the other terminal
2024 1s grounded and an output terminal 2026 is fed back to the coramon terminal 2032
using a resistive element 2028 that provides a voltage proportional to the difference current
2020. Such a TIA configuration would provide the resulting value as an electrical signal in
the form of a voltage signal.

[00573] In FIG. 20C, the optical signals are detected in a differential-termunal
configuration where two photodiode detectors are connected to different terminals of an op-
amp 2050, In this configuration, a current 2040 generated from a first photodiode detector
2042 1s connected to an inverting termunal 2052, and a current 2044 gengrated from a second
photodiode detector 2046 1s connected to a non-inverting terminal 2054, The currents 2040
and 2044 are provided from the same ends of the respective photodiodes, which are
connected at the other ends to a voltage source {(not shown) providing a bias voltage at the
same magmiude vy, and same sign, as shown in FIG. 20C. The output terminal 2056 of the
op-amp 2030 in this configuration provides a current proportional to the difference between

the current 2040 and the current 2044, In this configuration, the difference is generated due
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to the behavior of the circuitry of the op-amp 2050, The difference current flowing from the
output terminal 2056 represenis the signed value encoded on an elecirical signal
corresponding to the difference between the unsigned values encoded on the detected optical
signals.
{00574} FIG. 21 A shows an example of a symmetric differential configuration 2100 for
providing a signed range of values for values that are encoded as modulation levels of optical
amplitude modulators implementing the multiplication modules 1904, In this example, there
are two related modulators configured to modulate by unsigned values designated as M{; and
M7, where each value is assumed to vary between O (e.g., corresponding to an optical power
modulated to be reduced to near zero) and M, {(e.g., corresponding to an optical power
preserved near a maximum power level). The relationship between the two modulation levels
is such that when one modulation level is configured at a “main” value M, the other
modulation level is configured at a corresponding “anti-syrmmetric” value M7; such that as
the main value M}, of one modulator monotonically increases from 0 to My, the anti-
symmetric value M7, of the other modulator monotonically decreases from M, t0 0. Or,
conversely, as the main value M7, of one modulator monotonically decreases from M., to
0, the anti-symmetric M{; value of the other modulator monotonically increases from 0 to
My After an input optical signal encoding a value V has been copied by a copying module
1902, each of the modulators provides a modulated cutput optical signal to a corresponding
optical detection module 1906. The multiplication module 1904 in the upper path includes a
modulator that multiplies by M, and provides an optical signal encoded with the value
M7, V. The multiplication module 1904 in the lower path includes a modulator that multiplies
by M{; and provides an optical signal encoded with the value M, V. After the optical signals
are converted to electrical current signals by the respective optical detection modules 1906, a
difference between them may be produced by a current subtraction module 2102, The
difference between the current signals encoding M{, V and M7,V results in a current that is
encoded with V multiplied by a signed value My, given as:

M V=M, V- M,V
where the signed value My monotonically increases between —M,,., and M, as the
unsigned main value M, monotonically increases from 0 to M,,,, and its paired anti-

symmetric value M7} monotonically decreases from My, to 0.
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[00575] ¥IG. 218 shows an example of a system configuration 2110 for an implementation
of the system 1800 for performing vector-matrix multiplication using a 2 X 2-element
mairix, with the summation operation performed 1n the electrical domain, and with signed
elements of an input vector and signed elements of the matrix. In this example, for each
signed element of the mput vector, there are two related optical signals encoding unsigned
values. There are two unsigned values designated as V™ and V™ for the first signed input
vector element value V|, and there are two unsigned values designated as V¥ and V5 for the
second signed input vector element value V,. Each unsigned value encoded on an optical
signal is recetved by a copving module 2112 performing one or more optical copying
operations that yields four copies of the optical signal over four respective optical paths. In
some implementations of the copying module 2112, there are three different Y-shaped
waveguide splitters that are each configured to split using a different power ratio {which may
be achigved, for example, using any of a variety of photonic devices}. For example, a first
splitter could split using a 1:4 power ratio to divert 25% (1/4) of the power to a first path, a
second sphitter could split using a 1.3 power ratio to divert 25% (1/4 = 1/3 w 3/4) of the
power to a second path, and a third splitter could split using a 1:2 power ratio to divert 25%
(1/4 = 1/2 x 2/3 x 3/4) of the power to a third path and the remaining 25% of the power
to a fourth path. The individual splitters that are part of the copying module 2112 could be
arranged i different parts of a subsirate, for example, to appropriately distribute the different
copies to different pathwayvs within the system. In other implementations of the copying
module 2112 there could be a different number of paths being split with different splitting
ratios, as appropriate. For example, a first splitter could split using a 1.2 power ratio to
provide two intermediate optical signals. Then, one of those mtermediate optical signals
could be split using a second splitter having a 1.2 power ratio to divert 25% of the power to
each of a first path and a second path, and the other of those imntermediate optical signals
could be split using a third splitter having a 1.2 power ratio to divert 25% of the power to
each of a third path and a fourth path.

[00576] The system configuration 2110 also includes other modules arranged as shown in
FIG. 21B to provide two different output electrical signals that represent an output vector that
is the result of the vector-matrix multiplication performed by system 100, There are 16

different multiplication modules 1904 modulating different copies of the optical signals
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representing the input vector, and there are 16 different optical detection modules 1906 to
provide electrical signals representing intermediate results of the computation. There are also
two different summation modules 2114 A and 2114B that compute the overall summation for
each of the ocutput electrical signals. In the figure, the signal lines electrically coupling the
optical detection modules 1906 to the summation module 21148 are shown in dashed lines.
Because each overall summation may mclude some anti-symmetric terms that are being
subtracted from paired main terms from any symmetric differential configurations for vector
elements and/or matrix elements, the summation modules 2114A and 2114B mayv include 3
mechanism for some terms of the summation to be added after being inverted (equivalently,
being subtracted from the non-inverted terms). For example, in some implementations the
summation modules 2114A and 21148 include both inverting and non-inverting input ports
such that the terms that are to be added within in the overall summation can be connected to
the non-inverting input port, and terms that are to be subtracted within the overall summation
can be connected to the inverting mput port. One example implementation of such a
summation module i1s an op-amp where a non-inverting terminal 18 connected to wires
conducting currents representing signals to be added, and an inverting terminal is connected
o wires conducting currents representing signals to be subtracted. Alternatively, mverting
mput ports may not be necessary on the summation modules if the inversion of the anti-
symmetric terms 1s performed by other means. The summation modules 2114A and 21148
vield the following summation results, respectively, to complete the vector-matrix
multiphication,

MV + MV = (M) — M7V = Vi) (M, — M)V~ Vi)

My Vi + My Vo = (M3 ~ M3V — Vi) + (M3, = M)V, — Vi)
[00577) Inthis document, when a figure shows two electrical signal lines crossing each
other, whether the two electrical signal lines are electrically coupled to each other will be
clear from the description. For exaraple, the signal line carrying the My "V1™ signal is not
electrically coupled to the signal line carrying the M, V™ signal or the signal line carrying
the M1V sigoal.
[00578] The system configuration shown in FIG. 21B can be extended to implement a
system configuration for performing vector-matrix multiplication using an m x n-clement

matrix, in which the input vector and the matrix include signed elements.
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[00579] 'There are various techniques that can be used for implementing the symmetric
differential configuration of FIG. 21B. Some of those techniques make use of 1 X 2 optical
amplitude modulators for implementing the multiplication modules 1904, and/or for
providing pairs of optical signals that are related as mamn and anti-symmetric pairs. FIG. 22A
shows an example of a 1 X Z optical amplitude modulator 2200, In this example, the 1 X 2
optical amplitude modulator 2200 includes an mput optical sphitter 2202 that splits an
mcoming optical signal to provide 50% of the power to a first path that includes a phase
modulator 2204 {also called a phase shifter}, and 50% of the power to a second path that does
not include a phase modulator. The paths can be defined in different ways, depending on
whether the optical amplitude modulator is implemented as a free-space interferometer or as
a waveguide interferometer. For example, in a3 free-space interferometer, one path 1s defined
by transmission of a wave through a beam splitter and the other path 15 defined by reflection
of a wave from the beam splitter. In a waveguide interferometer, each path 1s defined by a
different optical waveguide that has been coupled to an incoming waveguide {e.g., ina Y-
shaped splitter}. The phase modulator 2204 can be configured to impart a phase shift such
that the total phase delay of the first path differs from the total phase delay of the second path
by a configurable phase shuft value {e. g, a value that can be set to phase shift somewhere
between O degrees to 180 degrees).

[00580] The 1 x 2 optical amplitude modulator 2200 includes a 2 X Z coupler 2206 that
combines the optical waves from first and second mput paths using optical interference or
opitcal coupling 1 a particular manner to divert power mio first and second output paths in
different ratios, depending on the phase shift. For example, mn a free-space mnterferometer, a
phase shift of 0 degrees causes substantially all of the input power that was split between the
two paths to constructively mterfere to exit from one output path of a beam sphiter
implementing the coupler 2206, and a phase shift of 180 degrees causes substantially all of
the input power that was split between the two paths constructively interfere to exit from the
other cutput path of the beam splitter implementing the coupler 2206, In a waveguide
mterferometer, a phase shift of O degrees causes substantially all of the input power that was
split between the two paths to couple to one output waveguide of the coupler 2206, and a
phase shift of 180 degrees causes substantially of the input power that was split between the

two paths to couple to the other output waveguide of the coupler 2206, Phase shifts between
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0 degrees and 180 degrees may then provide multiplication of the power in an optical wave
{and the value encoded on the optical wave) by a value between 0 and 1 through partial
constructive or destructive interference, or partial waveguide coupling. Multiplication by any
value between 0 to 1 can then be mapped to multiplication by any value between 0 to M.«
as described above.

{00581]  Additionally, the relationship between the power in the two optical waves emitted
from the modulator 2200 follows that of the main and anti-symmetric pairs described above.
When the amplitude of the optical power of one signal increases, the amplitude of the optical
power of the other signal decreases, so a difference between detected photocurrents can yield
a signed vector element, or multiplication by a signed matrix element, as described herein.
For example, the pair of related optical signals may be provided from the two output ports of
the modulator 2200 such that a difference between amplitudes of the related optical signals
corresponds to a result of multiplying an input value by a signed matrix element value. FIG.
2285 shows a symmetric differential configuration 2210 of the 1 X 2 optical amplitude
modulator 2200 arranged with the optical signals at the output to be detected in the common-
terminal version of the symmetric differential configuration of FIG. 20B. The cusrrent signals
corresponding to the photocurrent generated by a pawr of photodetectors 2212 and 2214 are
combined at a junction 2216 to provide an output current signal whose amplitude
corresponds to the difference between the amplitudes of the related optical signals. In other
examples, such as in the symmetric differential configuration of FIG. 20C, the photocurrents
detected from the two optical signals at the output may be combined using different electrical
circuitry.

[00582] Other techniques can be used to construct 1 x 2 optical amplitude modulators for
mplementing the multiplication modules 1904, and/or for providing pairs of optical signals
that are related as main and anti-symmetric pairs. FIG. 22C shows another example of a
symmetric differential configuration 2220 of another type of 1 X 2 optical ampliude
modulator. In this example, the 1 X 2 optical amplitude modulator includes a ring resonator
2222 that is configured to split the optical power of an optical signal at an input port 2221to
two output ports. The ring resonator 2222 (also called a “microring”) can be fabricated, for
example, by forming a circular waveguide on a substrate, where the circular waveguide is

coupled to a straight waveguide corresponding to the input port 2221, When the wavelength
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of the optical signal is near a resonant wavelength associated with the ring resonator 2222,
the optical wave that is coupled into the ring circulates around the ring on a clockwise path
2226 and destructively interferes at the coupling location such that a reduced-power optical
wave exits over a path 2224 to a first output port. The circulating optical wave 1s also
coupled out of the ring such that another optical wave exits over a path 2228 through a
curved waveguide that guides an optical wave out of a second output port.

[005383] Since the time scale over which the optical power circulates around the ring
resonator 2222 is small compared to the time scale of the amplitude modulation of the optical
signals, an anti-symmetric power relationship is quickly established between the two output
ports, such that the optical wave detected by the photodetector 2212 and the optical wave
detected by the photodetector 2214 form main and anti-symmetric pairs. The resonance
wavelength of the ring resonator 2222 can be tuned to monotonically decrease/increase the
main/anti-symmetric signals to achieve a signed result, as described above. When the ring 1s
completely off-resonance all of the power exits over the path 2224 out of the first output port,
and when 1t 15 completely on-resonance, with certain other parameters {e.g., quality factor,
and coupling coefficient} appropriately tuned, all of the power exits over the path 2228 out of
the second gutput port. In particular, to achieve complete power transfer, the coupling
coefficient characterizing the coupling efficiency between the waveguide and the ring
resonator should be matched. In some embodiments, 1t is useful to have a relatively shallow
tuning curve, which can be achieved by reducing the quality factor of the ring resonator 2222
{e.g., by increasing the loss) and correspondingly increasing the coupling coefficients into
and out of the ring. A shallow tuning curve provides less sensitivity of the amplitude to the
resonance wavelength, Techniques such as temperature conirol can also be used for tuning
and/or stability of the resonance wavelength.

{00584] FIG. 22D shows another example of a symmetric differential configuration 2230
of another type of 1 X 2 optical amplitude modulator. In this example, the 1 % 2 optical
amplitude modulator includes two ring resonators 2232 and 2234, The optical power of an
optical signal at an mput port 2231 15 split to two ports. When the wavelength of the optical
signal 15 near a resonant wavelength associated with both ring resonators 2232 and 2234, a
reduced-power optical wave exits over a path 2236 to a first output port. A portion of the

optical wave is also coupled into the ring resonator 2232 circulating around the rimg on a
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clockwise path 2238, and is also coupled into the ring resonator 2234 circulating around the
ring on a counter-clockwise path 2240, The circulating optical wave is then coupled out of
the ring such that another optical wave exits over a path 2242 out of a second output port.
The optical wave detected by the photodetector 2212 and the optical wave detected by the
photodetector 2214 also form main and anti-symmetric pairs in this example.

[00585] FIGS. 23A and 238 show different exarmples of the use of optical amphtude
modulators such as the 1 X 2 optical amplitude modulator 2200 for an implementation of the
system 1800 for performing vector-matrix multiplication for a 2 X Z-element matrix. FIG
23 A shows an example of an optoelectronic system configuration 2300A that includes optical
amplitude modulators 2302A and 2302B providing values representing the signed vector
elements of the input vector. The modulator 2302A provides a pair of optical signals that
encode a pair of values V;" and V| for a first signed vector element, and the modulator 602B
provides a pair of optical signals that encode a pair of values V7 and V5 for a second signed
vector element. A vector-matrix multiplier (VMM) subsystem 610A receives the input
optical signals, performs the sphitting operations, multiplication operations, and some of the
summation operations as described above, and provides output current signals to be
processed by additional circuitry. In some examples, the output current signals represent
partial sums that are further processed to produce the ultimate sums that result in the signed
vector elements of the output vector. In this example, some of the final summation operations
are performed as a subtraction between different partial sums represented by the current
signals at inverting and non-inverting terminals of op-amps 2306A and 2306B. The
subtractions are used to provide the signed values, as described above {(e.g., with reference to
FIG. 218). This example also llustrates how some elements can be part of multiple modules.
In particular, the optical copying performed by a waveguide splitier 2303 can be considered
1o be part of a copying module {(e.g., one of the copying modules 2112 in FIG. 21B) and part
of a multiplication module {e.g., one of the multiplication modules 1904 in FIG. 218B). The
optical amplitude modulators that are used within the VMM subsystem 2310A are configured
for detection in the common-terminal configuration shown in FIG. 20B.

{00581 FIG. 23B shows an example of an optoelectronic system configuration 23008
similar to that of the optoelectronic system configuration 2300A shown in FIG 23A. But, the

VMM subsystem 2310B includes optical modulators that are configured for detection in the
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differential-terminal configuration shown in FIG. 20C. In this example, the output current
signals of the VMM subsystem 2310B also represent partial sums that are further processed
to produce the ultimate sums that result in the signed vector elements of the output vector.
The final summation operations that are performed as a subtraction between different partial
sums represented by the current signals at inverting and non-inverting terminals of op-amps
2306A and 2306B are different than in the example of FIG. 23A. But, the final subtractions
still result in providing the signed values, as described above {e.g., with reference to FIG.
21B).

[005387] FIG. 23C shows an example of an optoelectronic system configuration 2300C that
uses an alternative arrangement of 2 VVM subsystem 2310C with detection in the common-
terminal configuration, as in the VVM subsystern 2310A shown in FIG. 23 A, but with
optical signals carrying results of multiplication modules routed through the subsystem
within waveguides {e.g., in a semiconductor substrate) to a portion of the substrate that
meludes detectors arranged o convert the optical signals to electrical signals. In some
embodiments, this grouping of the detectors aliows the electrical paths to be shortened,
potentially reducing electrical cross-talk or other impairments due to the long electrical paths
that would otherwise be used. The optical waveguides can be routed within one layer of the
substrate, or routed within multiple layvers of the substrate to allow more flexibility in routing
paths that cross in two dimensions of the substrate but don’t cross in a third dimension (of
depth in the substrate). A variety of other changes can be made in the systern configuration,
meluding changes in what components are included 1n a VMM subsystem. For example, the
optical amplitude modulators 2302A and 2302B can be included as part of the VMM
subsystem. Alternatively, the VMM subsystem can include optical input ports for receiving
paired main and anti-symmetric optical signals generated by modules other than optical
amplitude modulators, or for interfacing with other kinds of subsystems.

[00588] FIG. 24A shows an example of a system configuration 2400A for an
implementation of the system 1800 in which there are multiple devices 2410 that host
different ones of the multiplication modules {e.g., the multiplication modules 1806A, 18068,
1806C, and 1806D), which are each configured as a VMM subsystem to perform vector-
matrix multiplication on a different subset of vector elements by a different submatrix of a

larger matrix. For example, each multiplication module may be configured similar to the
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system configuration 2110 (FIG. 21B), but instead of implementing a VMM subsystem using
a 2 X Z-element matrix, each multiplication module may be configured to implement a
VMM subsystem using a matrix that has as large a size as can be efficiently fabricated on a
single device having a common substrate for the modules within that device. For example,
each multiplication module may implement a VMM subsystem using a 64 % 64-element
matrix.

[0058%] The different VMM subsystems are arranged so that the results of each submatrix
are appropriately combined to yield results for the larger combined matrix {e.g., elements of
a 128-element vector resulting from multiphication by a 128 X 128-element matrix}. Fach set
of optical ports or sources 2402 provides a set of optical signals that represent different
subsets of vector elements of a larger input vector. Copy modules 2404 are configured to
copy all of the optical signals within a received set of optical signals encoded on optical
waves guided in a set 2403 of 64 optical waveguides, and provide that set of optical signals
to each of two different sets of optical waveguides, which in this example are a set 2405 A of
64 optical waveguides and a set 2405B of 64 optical waveguides. This copying operation can
be performed, for example, by using an array of waveguide splitters, each splitter in the array
copying one of the elements of the subset of input vector elements (e.g., a subset of 64
elements for each copy module 2404) by splitting an optical wave in the set 2403 of optical
waveguides into a first corresponding optical wave in the set 2405A of optical waveguides
and a second corresponding optical wave in the set 24058 of optical wavegwides. I multiple
wavelengths are used in some embodiments (e.g., W wavelengths), the number of separate
waveguides {and thus the number of separate ports or sources i 2402) can be reduced, for
example, by a factor of 1/W. Each VMM subsystem device 2410 performs vector-matrix
multiphication, providing s partial results as a set of electrical signals (for a subset of
elements of the output vector), with corresponding partial result pairs from different devices
2410 being added together by the summation modules 2414 as shown in FIG. 244, using any
of the technigues described herein, such as current summation at a junction among
conductors. In some implementations, vector-matrix multiplications using a desired matrix
can be performed, recursively, by combining results from smaller submatrices, for any
number of levels of recursion, ending by using the single element optical amplitude

modulator at the root level of the recursion. At different levels of recursion the VMM
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subsystem device may be more compact {e g., different data centers connected by long
distance optical fiber networks at one level, different multi-chip devices connected by optical
fibers within a data center at another level, different chips within a device connected by
opiical fibers at another level, and different sections of modules on the same chip connected
by on-chip waveguides at another level),

[00590] FIG. 24B shows another example of a system configuration 24008 n which
additional devices are used for optical transmission and reception for each VMM subsystem
2410. At the output of each VMM subsystem 2410, an optical transmitter array 2420 15 usec
to couple each optical signal to a channel within an optical transmission line (e.g., an optical
fiber in a fiber bundle between VMM subsystems 2410 that may be hosted by separate
devices and/or distributed in remote locations, or a waveguide in a set of waveguides on an
mtegrated device, such as a SoC, that hosts the VMM subsystems 2410 on a common
substrate). An optical receiver array 2422 1s used for each subset of output vector elements to
convert the optical signals to electrical signals before corresponding pairs of partial results
are summed by the summation modules 2414,

[00591] FIG. 24C shows another example of a system configuration 2400C in which the
VMM subsystems 2410 can be reconfigured to enable the different vector-matrix
multiplications for different submatrices to be rearranged in different ways. For example, the
shape of the larger matrix that 1s formed by combining different submatrices can be
configurable. In this example, two different subsets of optical signals are provided from each
set of optical poris or sources 2402 to optical switches 2430. There are also electrical
swiiches 2440 that are able to rearrange subsets of elecirical signals representing partial
results to be summed by the summation modules 2414 to provide an output vecior, or
separate output vectors, for a desired computation. For example, instead of vector-matrix
multiplication using a matrix of size 2m X 2n composed of four submatrices of size m X n,
the VMM subsystems 2410 can be rearranged to use a matrix of size 2m X n or a matrix of
size X 2n.

{00592] FIG. 24D shows another example of a system configuration 24000 in which the
VMM subsystems 2410 can be reconfigured in additional ways. The optical switches 2430
can receive up 1o four separate sets of optical signals, and can be configured to provide

different sets of optical signals to different VMM subsystems 2410, or to copy any of the sets
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of optical signals to multiple VMM subsystems 2410, Also, the electrical switches 2440 can
be configured to provide any combination of the sets of electrical signals received to the
summation modules 2414, This greater reconfigurahility enables a wider variety of different
vector-matrix multiplication computations, including multiplication using a matrix of size:
mX3n, d3mxn mxidn dnmxn.

{00593]  FIG. 24E shows another example of a system configuration 2400E that includes
additional circuitry that can perform various operations {g.g., digital logic operations}, to
enable the system configuration 2400F to be used {e.g., for a complete optoelectronic
computing system, or for an optoelectronic subsystem of g larger computing platform) for
implementing computational techniques such as astificial neural networks or other forms of
machine learning. A data storage subsystem 2450 can include volatile storage media (g.g.,
SRAM, and/or DRAM]) and/or non-volatile storage media {e.g., solid state drives, and/or
hard drives). The data storage subsystem 2450 can also include hierarchical cache modules.
The data that is stored may include, for example, training data, intermediate result data, or
production data used to feed online computational systems. The data storage subsystem 2450
can be configured to provide concurrent access to input data for modulation onto different
optical signals provided by the optical ports or sources 2402. The conversion of data stored in
digital form to an analog form that can be used for the modulation can be performed by
circuitry (e.g., digital-to-analog converters) that is mcluded at the output of the data storage
subsystem 2450, or the input of the optical ports or sources 2402, or split between both. An
auxiliary processing subsystem 2460 can be configured to perform auxiliary operations {(e.g.,
nonlinear operations, data shuffling, etc.) on data that may be cvcled through multiple
iterations of vector-matrix multiplication using the VMM subsystems 2410, Result data 2462
from those auxiliary operations can be sent to the data storage subsystem 2450 in digital
form. The data retrieved by the data storage subsystem 2450 can be used for modulating
optical signals with appropuniate input vectors, and for providing control signals (not shown)
used to set modulation levels of optical amplitude modulators in the VMM subsystems 2410,
The conversion of data encoded on electrical signals 1 analog form to a digital form can be
performed by circuitry (e.g., analog-to-digital converters} within the auxiliary processing
subsystem 2460,

[00594]  In some implementations, a digital controlier (not shown in the figure} 1s provided
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to control the operations of the data storage subsystem 2450, the hierarchical cache modules,
various circuitry such as the digital-to-analog converters and analog-to-digital converters, the
VMM subsystems 2410, and the optical sources 2402, For example, the digital controller 15
configured to execute program code to implement a neural network having several hidden
layers. The digital controller iteratively performs matrix processing assoctated with various
lavers of the neural network. The digital controller performs a first iferation of matrix
processing by retrieving first matrix data from the data storage subsystem 2450 and setting
the modulation levels of the optical amplitude modulators in the VMM subsystems 2410
based on the retrieved data, in which the first matrix data represent coefficients of a first
layer of the neural network. The digital controller retrieves a set of input data from the data
storage subsystem and sets the modulation levels for the optical sources 2402 to produce a
set of optical input signals that represent elements of a first input vector.

[00595] The VMM subsystems 2410 perform matrix processing based on the first input
vector and the first matrix data, representing the processing of signals by the first layer of the
neural network. After the auxiliary processing subsystem 2450 has produced a first set of
result data 2462, the digital controller performs a second iteration of matrix processing by
retrieving second matrix data from the data storage subsystem that represent coefficients of a
second layer of the neutral network, and setting the modulation levels of the optical
amplitude modulators in the VMM subsystems 2410 based on the second matrix data. The
first set of result data 2462 15 used as a sscond mput vector to set the modulation levels for
the optical sources 2402. The VMM subsystems 2410 perform matrix processing based on
the second input vector and the second matrix data, representing the processing of signals by
the second layer of the neural network, and so forth. At the last iteration, the output of the
processing of signals by the last fayer of the neural network is produced.

{00596]  In some implementations, when performing computations associated with hidden
layers of a neural network, the result data 2462 are not sent to the data storage subsystem
2450, but are used by the digital controller to directly control digital-to-analog converters that
produce control signals for setiing the modulation levels of the optical amplitude modulators
in the VMM subsystems 2410, This reduces the time needed for storing data to and accessing
data from the data storage subsystem 2450

[00597] Other processing techniques can be incorporated into other examples of system
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configurations. For example, various techniques used with other kinds of vector-matrix
multiplication subsystems {e.g., subsystems using optical interference without the electrical
summation or signed multiplication described herein} can be incorporated mto some system
configurations, such as some of the techniques described in U.S. Patent Publication No.
2017/0351293, mcorporated herein by reference.
[00598] Referring to FIG. 32A, an artificial neural network (ANN) computation system
3200 includes an optoelectronic matrix multiplication unit 3220 that has, e.g., the copying
modules, multiplication modules, and summation modules shown in FIGS. 18 10 24D to
enable processing non-coherent or low-coherent optical signals in performing matrix
computations. The artificial neural network computation system 3200 includes a controller
110, a memory umt 120, a DAC unit 130, and an ADC unit 160, similar to those of the
systern 100 of FIG. 1A, The controller 110 receives requests from a computer 102 and sends
the computation outputs to the computer 102, similar to that shown in FIG. 1A,
[065991 The optical processor 3210 includes a light source 3230, which can be the similar
to the laser unit 142 of FIG. 1A in which the multiple output signals of the laser unit 3236 are
coherent. The light source 3230 can also use light emitting diodes to produce multiple ouiput
signals that are not coherent or have low coherency. The optoelectronic matrix multiplication
unit 3220 includes a modulator array 144 that receives modulator control signals that are
generated based on an nput vector by the first DAC subumit 132, similar to the operation
performed by the optical processor 140 of FIG. 1A, The outputs of the modulator array 144
are comparable to the outputs of the optical ports/sources 1802 i FIG. 18 The
optoelectronic matrix multiplication unit 3220 processes the light signals from the modulator
array 144 in a manner similar to the way that the copy modules 1804, the multiplication
modules 1806, and the summation modules 1808 process the optical signals from the optical
ports/sources 1802 in FIG. 18.
[00600] Referring to FIG. 32B, the optoelectronic matrix multiplication unit 3220 receives
vy
an input vector 7 = | ¢ |, and multiplies the input vector with a matrix M =
1'7)7.
My e My, Mvg + Myav, 4 0 My, v,

to produce an output vector y = | M1+ M?/"f +o ot My,

My My, Mo Vg + Mppvy + 000+ M U
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[00601] The optoelectronic matrix multiplication unit 3220 includes m optical paths
1803 1,1803 2, .., 1803 m (collecuively referenced as 1803) that carry the optical signals
representing the mput vector. A copying module 1804 1 provides copies of the mput optical
signal vi to multiplication modules 1806 11, 1806 21, ..., 1806 m1. A copying module
1804 2 provides copies of the input optical signal v; to multiplication modules 1806 12,
1806 22, ..., 1806 m2. A copying module 1804 #n provides copies of the input optical signal
v, to multiplication modules 1806 1n, 1806 2n, ..., 1806 mn.

[00602]  As discussed above, the amplitudes of the copies of the optical signal vy provided
by the copying mmodule 1804 1 are the same (or substantially the same) relative to one
angther, but different from that of the optical signal vy provided by the modulator array 144,
For example, if the copying module 1804 1 splits the signal power of v; provided by the
modulator array 144 evenly among m signals, then each of the m signals will have a power
that 1s equal to or less than 1/m of the power of v provided by the modulator array 144,
[00603] A multiplication module 1806 11 multiplies the mput signal v with a matrix
element M1 to produce Af11°v1. A moultiplication module 1806 21 multiplies the input signal
vy with a matrix element My to produce M31°vy. A multiplication module 1806 _m1
multiplies the input signal vy with a matrix element M, to produce A, v1. A multiplication
module 18306 12 multiphies the mput signal vy with a matrix element M1 to produce A va.
A multiphication module 1806 22 multiplies the input signal v2 with a matrix element My, to
produce Myrv. A multiplication module 1806 _m2 multiplies the input signal vZ with a
matrix element My, to produce Myz vy, A multiplication module 1806 1n multiplies the
mput signal v, with a matrix element A1, to produce My,,v,. A multiplication module

1806 2n multiplies the input signal v, with a matrix element Ay, to produce Mo,v,. A
multiplication module 1806 _mn multiplies the input signal v, with a matrix element My, to
produce My, v, and so forth.

[00604] The second DAL subunit 134 generates control signals based on the values of the
matrix elements, and sends the control signals to the multiplication modules 1806 to enable

the multiplication modules 1806 to multiply the values of the input vector elements with the
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values of the matrix elements, e.g., by using optical amplitude modulation. For example, the
multiplication module 1806 _11 can include an optical amplitude modulator, and multiplying
the input vector element v, by the matrix element M, can be achieved by encoding the value
of the matrix element My, as an amplitude modulation level applied to the input optical
signal representing the input vector element vy,

[00605] A summation module 1808 1 receives the outputs of the multiplication modules
1806 11, 1806 12, ..., 1806 1n, and generates a sum y; equal to

Moy + Mpv, + -+ My, v, A summation module 1808 2 receives the outputs of the
muktiplication modules 1806 21, 1806 22, ..., 1806 2Zn, and generates a sum y; equal to
Myivy + Myavy 4+ -0+ My, v, A summation module 1808 # receives the outputs of the
mutltiplication modules 1806 m1, 1806 m2, ..., 1806 mm, and generates a sum y, equal to
Moo+ Mpavs + -+ Mpv,.

In the system 3200, the output of the optoelectronic matrix multiplication unit 3220 18
provided to the ADC unit 160 without passing through a detection unit 146 as is the case in
the system 100 of FIG. TA. This is because either the multiplication modules 1806 or the
sumumation modules 1808 already convert the optical signals into electrical signals, so there
18 no need for a separate detection unit 146 1n the system 3200,

[00606]  FIG. 33 shows a flowchart of an example of a method 3300 for performing an
ANN computation using the ANN computation system 3200 of FIG. 32A. The steps of the
process 3300 may be performed by the controller 110 of the system 3200, In some
implementations, various steps of the method 3300 can be run in parallel, in combination, in
loops, or in any order.

[00607] At 3310, an artificial neural network (ANN) computation request comprising an
mput dataset and a first plurality of neural network weights 15 received. The input dataset
meludes a first digital input vector. The furst digital input vector 1s a subset of the input
dataset. For example, it may be a sub-region of an image. The ANN computation request
may be generated by various entities, such as the computer 102 of FIG. 32A. The computer
102 may include one or more of various types of computing devices, such as a personal
computer, a server computer, a vehicle computer, and a flight computer. The ANN
computation request generally refers to an electrical signal that notifies or informs the ANN

computation system 3300 of an ANN computation to be performed. In some
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implementations, the ANN computation request may be divided into two or more signals.
For example, a first signal may query the ANN computation system 3300 to check whether
the system 3300 1s ready to recetve the input dataset and the first plurality of neural network
weights. 1n response to a positive acknowledgement by the system 3300, the computer 102
may send a second signal that includes the nput dataset and the first plurality of neural
network weights.

[00608] At 3320, the mput dataset and the first plurality of neural network weights are
stored. The controller 110 may store the input dataset and the first plurality of neural
network weights in the memory unit 120, Storing of the input dataset and the first plurality
of neural network weights in the memory unit 120 may allow flexibilities in the operation of
the ANN computation system 3300 that, for example, can improve the overall performance
of the system. For example, the input dataset can be divided into digital input vectors of a set
size and format by retrieving desired portions of the input dataset from the memory unit 120
Different portions of the input dataset can be processed n various order, or be shuffled, to
allow various types of ANN compuiations to be performed. For example, shuffling may
allow matrix multiplication by block matrix multiplication technique in cases where the input
and output matrix sizes are different.  As another example, storing of the input dataset and
the first plurality of neural network weights in the memory unit 120 may aliow queung of
multiple ANN computation requests by the ANN computation system 3300, which may
allow the system 3300 to sustain operation at its full speed without periods of nactivity.
[00609]  In some implementations, the input dataset may be stored in the first memory
subunit, and the first plurality of neural network weights may be stored in the second
memory subunit.

{00610} At 3330, a first plurality of modulator control signals is generated based on the
first digital input vector and a first pharality of weight control signals is generated based on
the first plurality of neural network weights. The controller 110 may send a first DAC
control signal to the DAC umit 130 for generating the first plurality of modulator control
signals. The DAC umt 130 generates the first plurality of modulator control signals based on
the first DAC control signal, and the modulator array 144 generates the optical input vector
representing the first digital input vector.

[00611]  The first DAC control signal may include multiple digital values to be converted
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by the DAC unit 130 into the first plurality of modulator control signals. The multiple digital
values are generally in correspondence with the first digital input vector, and may be related
through various mathematical relationships or look-up tables. For example, the multiple
digital values may be linearly proportional to the values of the elements of the first digital
input vector. As another example, the multiple digital values may be related to the elements
of the first digital input vector through a look-up table configured to maintain a linear
relationship between the digital input vector and the optical input vector generated by the
modulator array 144

[00612] The controller 110 may send a second DAC control signal to the DAC vt 130 for
generating the first plurality of weight control signals. The DAC unit 130 generates the first
plurality of weight control signals based on the second DAC control signal, and the
optoelectronic matrix multiplication unit 3220 1s reconfigured according to the first plurality
of weight control signals, implementing a matrix corresponding to the first plurality of neural
network weights.

[00613] The second DAC control signal may include multiple digital values to be
converted by the DAC unit 130 into the first phurality of weight control signals. The multiple
digital values are generally in correspondence with the first plurality of neural network
weights, and may be related through various mathematical relationships or look-up tables.
For example, the multiple digital values may be hnearly proportional to the first plurality of
neural network weights. As another example, the multiple digital values may be calculated
by performing vartous mathematical operations on the first plurality of neural network
weights to generate weight control signals that can configure the optoelectronic matrox
multiplication unit 3220 to perform a matrix multiplication corresponding to the first
plurality of neural network weights.

{00614] At 3340, a first plurality of digitized outpuis corresponding to the electronic output
vector of the optoelectronic matrix muddtiphication unit 3220 is obtained. The optical input
vector generated by the modulator array 144 15 processed by the optoelectronic matrix
muktiplication unit 3220 and transformed into an elecirical output vector. The electrical
output vector is converted into digitized values by the ADC unit 160, The controller 110
may, for example, send a conversion request to the ADC unit 160 to begin a conversion of

the voltages output by the optoelectronic matrix multiplication unit 3220 nto digitized
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outputs. Once the conversion is complete, the ADC unit 160 may send the conversion result
1o the controlier 110. Alternatively, the controlier 110 may retrieve the conversion result
from the ADC unit 160. The controlier 110 may form, from the digitized outputs, a digital
output vector that corresponds to the result of the matrix multiphication of the input digital
vector. For example, the digitized outputs may be organized, or concatenated, to have a
vector format.

[00615] In some implementations, the ADC unit 160 may be set or controlled to perform
an ADC conversion based on a DAC conirol signal issued to the DAC unit 130 by the
controller 110, For example, the ADC conversion may be set to begin at a preset time
following the generation of the modulation control signal by the DAC unit 130, Such control
of the ADC conversion may simplify the operation of the controller 110 and reduce the
number of necessary control operations.

[00616] At 3350, a nonlinear transformation s performed on the first digital output vector
1o generate a first transformed digital output vector. A node, or an artificial neuron, of an
ANN operates by first performing a weighted sum of the signals received from nodes of a
previous layer, then performing a nonlinear transformation (“activation”) of the weighted
sum 1o generate an cutput. Various types of ANN may implement various types of
differentiable, nonlinear transformations. Examples of nonlinear transformation functions
melude a rectified hinear unit (RELU)} function, a Sigmoid function, a hyperbolic tangent
function, an X2 function, and a [ X! function. Such nonlinear transformations are performed
on the first digital output by the controller 110 to generate the first transformed digital output
vector. In some implementations, the nonlinear transformations may be performed by a
specialized digital integrated circuitry within the controller 110, For example, the controller
110 may include one or more modules or circuit blocks that are specifically adapted to
accelerate the computation of one or more types of nonlinear transformations.

[00617] At 3360, the first transformed digital output vector is stored. The controller 110
may store the first transformed digital cutput vector 1n the memory unit 120. In cases where
the input dataset is divided into multiple digital input vectors, the first transformed digital
output vector corresponds o a result of the ANN computation of a portion of the input
dataset, such as the first digital mnput vector. As such, storing of the first transformed digital

output vector allows the ANN computation system 3200 to perform and store additional
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computations on other digital input vectors of the input dataset to later be aggregated into a
single ANN output.

[00618] At 3370, an artificial neural network output generated based on the first
transformed digital output vector is output. The controller 110 generates an ANN output,
which is a result of processing the mput dataset through the ANN defined by the first
plurality of neural network weights. In cases where the input dataset 1s divided into multiple
digital input vectors, the generated ANN output 1s an aggregated output that includes the first
transformed digital output, but may further include additional transformed digital outputs that
correspond to other portions of the mput dataset. Once the ANN output is generated, the
generated output is sent to a computer, such as the computer 102, that originated the ANN
computation request.

[00619] Various performance metrics can be defined for the ANN computation system
3200 implementing the method 3300, Defining performance metrics may allow a
comparison of performance of the ANN computation system 3200 that implements the
optoelectronic processor 3210 with other systems for ANN computation that instead
mmplement electronic matrix multiplication units. In one aspect, the rate at which an ANN
computation can be performed may be mdicated in part by a {irst loop period defined as a
time elapsed between the step 3320 of storing, in the memory unit, the mput dataset and the
first plurality of neural network weights, and the step 3360 of storing, in the memory unit, the
first transformed digital output vector. This first loop period therefore includes the time
taken in converting the electrical signals into optical signals {e.g., step 3330}, and performing
the matrix multiplication in the optical and electrical domains {e.g., step 3340). Steps 3320
and 3360 both mvolves storing of data into the memory unit 120, which are steps shared
between the ANN computation system 3200 and conventional ANN computation system
systems without the optoelectronic processor 3210. As such, the first loop pertod measuring
the memory-to-memory transaction time may allow a realistic or fair comparison of ANN
computation throughput to be made between the ANN computation system 3200 and ANN
computation systems without the optoelectronic processor 3210, such as systems
implementing electronic matrix multiplication units.

[00620] Due to the rate at which the optical input vectors can be generated by the

modulator array 144 {e.g., at 25 GHz) and the processing rate of the optoelectronic matrix
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multiplication unit 3220 (e.g., > 25 GHz), the first loop period of the ANN computation
system 3300 for performing a single ANN computation of a single digital input vector may
approach the reciprocal of the speed of the modulator array 144, e g., 40 ps. After
accounting for latencies associated with the signal generation by the DAC unit 130 and the
ADC conversion by the ADC unit 160, the first loop period may, for example, be less than or
equal to 100 ps, less than or equal to 200 ps, less than or equal to 500 ps, less than or equal 1o
1 ns, less than or equal to 2 ns, less than or equal to S ns, or less than or equal to 10 ns.
[00621]  As a comparison, execution thme of a multiplication of an M x 1 vector and an M x
M matrix by an electronic matrix multiplication unit is typically proportional to M2 - 1
processor clock cyeles. For M=32, such multiplication would take approximately 1024
cyeles, which at 3 GHz clock speed results 1n an execution time exceeding 300 ns, which 1s
orders of magnitude slower than the first loop period of the ANN computation system 3300
[00622] In some implementations, the method 3300 further includes a step of generating a
second plurality of modulator control signals based on the furst transformed digital output
vector. In some types of ANN computations, a single digital input vector may be repeatedly
propagated through, or processed by, the same ANN. As previously discussed, an ANN that
mmplements multi-pass processing may be referred to as a recurrent neural network {(RNN}.

A RNN 13 a neural network m which the output of the network during a {k)th pass through
the neural network 15 recirculated back to the input of the neural network and used as the
mput during the {k+1)th pass. RNNs may have various applications 1o pattern recognition
tasks, such as speech or handwriting recognition. Once the second plurality of modulator
control signals are generated, the method 3300 may proceed from step 3340 through step
3360 to complete a second pass of the first digital input vector through the ANN. In general,
the recirculation of the transformed digital output to be the digital input vector may be
repeated for a preset number of cycles depending of the characteristics of the RNN received
in the ANN computation request.

{00623]  In some implementations, the method 3300 further includes a step of generating a
second plurality of weight control signals based on a second plurality of neural network
weights. In some cases, the artificial neural network computation request further includes a
second plurality of neural network weights. As previously discussed, in general, an ANN has

one or more hidden layers in addition to the mput and output layers. For ANN with two
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hidden layers, the second plurality of neural network weighis mav correspond, for example,
1o the connectivity between the first layer of the ANN and the second layer of the ANN. To
process the first digital input vector through the two hidden layers of the ANN, the first
digital 1nput vector may first be processed according to the method 3300 up to step 3360, at
which the result of processing the first digital input vector through the first hidden layer of
the ANN 1s stored in the memory unit 120, The controller 110 then reconfigures the
optoelectronic matrix multiplication unit 3220 to perform the matrix multiphcation
corresponding to the second plurality of neural network weights associated with the second
hidden layer of the ANN. Ouce the optoelectronic matrix multiplication unit 3220 1s
reconfigured, the method 3300 may generate the plurality of modulator control signals based
on the first transformed digital output vector, which generates an updated optical input vector
corresponding to the output of the first hidden laver. The updated optical input vector 1s then
processed by the reconfigured optoelectronic matrix multiplication unit 3220 which
corresponds to the second hidden layer of the ANN. In general, the described steps can be
repeated until the digital mput vector has been processed through all huidden layers of the
ANN.

[00624]  In some implementations of the optoelectronic matrix multiphication unit 3220, the
reconfiguration rate of the optoelectronic matrix multiplication unit 3220 may be
significantly slower than the modulation rate of the modulator array 144. In such cases, the
throughput of the ANN computation system 3200 may be adversely irmapacted by the amount
of time spent in reconfiguring the optoelectronic matrix multiplication unit 3220 during
which ANN computations cannot be performed. To mitigate the impact of the relatively
slow reconfiguration time of the optoelectronic matrix multiphication unit 3220, batch
processing techniques may be utilized in which two or more digital input vectors are
propagated through the optoelectronic matrix multiplication umt 3220 without a
configuration change to amortize the reconfiguration time over a larger number of digiial
mput vectors.

[00625] FIG. 34 shows a diagram 3290 illustrating an aspect of the method 3300 of

FI1G. 33, For an ANN with two hidden layers, instead of processing the first digital input
vector through the first hidden layer, reconfiguring the optoelectronic matrix multiplication

unit 3220 for the second hidden layer, processing the first digital input vector through the
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reconfigured optoelectronic matrix multiplication unit 3220, and repeating the same for the
remaining digital input vectors, all digital input vectors of the input dataset can be first
processed through the optoelectronic matrix multiplication unit 3220 configured for the first
hidden layer {configuration #1) as shown in the upper portion of the diagram 3290, Once all
digital input vectors have been processed by the optoelectronic matrix multiplication unit
3220 having configuration #1, the optoelectronic matrix multiplication unit 3220 is
reconfigured into configuration #2, which correspond to the second hudden laver of the ANN.
This reconfiguration can be significantly slower than the rate at which the mput vectors can
be processed by the optoelectronic matrix multiplication unit 3220. Once the optoelectronic
matrix multiplication unit 3220 1s reconfigured for the second hidden layer, the output
vectors from the previous hidden layer can be processed by the optoelectronic matrix
multiplication unit 3220 in a batch. For large input datasets having tens or hundreds of
thousands of digital input vectors, the impact of the reconfiguration time may be reduced by
approximately the same factor, which may substantially reduce the portion of the time spent
by the ANN computation system 3200 in reconfiguration.

[006261  To implement batch processing, in some implementations, the method 3300
further includes steps of generating, through the BAC unit, a second plurality of modulator
control signals based on the second digital input vector; obtaining, from the ADC untt, a
second plurality of digitized outputs corresponding to the output vector of the optoelectronic
matrix multiplication unit, the second plurality of digitized outputs forming a second digital
output vector; performing a nonlinear transformation on the second digital cutput vector to
generate a second transformed digital output vector; and storing, in the memory unit, the
second transformed digital output vector. The generating of the second plurality of
modidator control signals may follow the step 3360, for example. Further, the ANN output
of step 3370 in this case 1s now based on both the first transformed digital output vector and
the second transformed digital output vector. The obtaining, performing, and storing steps
are analogous to the steps 3340 through 3360.

[00627] The batch processing techmique s one of several techniques for improving the
throughput of the ANN computation system 3200, Another technique for improving the
throughput of the ANN computation system 3200 is through parallel processing of multiple

digital input vectors by utilizing wavelength division multiplexing (WDM). As previously
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discussed, WDM is a technique of simultaneously propagating multiple optical signals of
different wavelengths through a common propagation channel, such as a waveguide of the
optoelectronic matrix multiplication urnut 3220, Unlike electrical signals, optical signals of
different wavelengths can propagate through a common chansel without affecting other
optical signals of different wavelengths on the same channel. Further, optical signals can be
added (mukltiplexed) or dropped (demultiplexed) from a common propagation channel using
well-known structures such as optical multiplexers and demultiplexers.

[00628] In context of the ANN computation system 3200, multiple optical input vectors of
different wavelengths can be independently generated, simultaneously propagated through
the optical paths and optical processing components {e.g., optical amplitude modulators) of
the optoelectronic matrix multiplication umit 3220, and mdependently processed by the
electronic processing components {e. g., detectors and/or summation modules) to enhance the
throughput of the ANN computation system 3200

[00629] Referring to FIG. 33A, in some implementations, a wavelength division
multiplexed (WDM) artificial neural network {ANN) computation system 3500 includes an
optoelectronic processor 3510 that includes an optoelectronic matrix multiplication unit 3520
that has, e.g., the copying modules, multiplication modules, and summation modules shown
m FIGS. 18 to 24D to enable processing non-coherent or low-coherent optical signals in
performing matrix computations, in which the optical signals are encoded m multiple
wavelengths, The WDM ANN computation system 3500 1s similar to the ANN computation
system 3200 except that the WDM technique ts used in which, for some implementations of
the ANN computation system 3500, the light source 3230 1s configured to generate multiple
wavelengths, such as A1, A2, and A3, similar to the system 104 of FIG. 1F.

[0063C] The multiple wavelengths may preferably be separated by a wavelength spacing
that is sufficiently large to allow easy muldtiplexing and demultiplexing onto a common
propagation channel. For example, the wavelength spacing greater than 0.5 nm, 1.0 nm, 2.0
nm, 3.0 nm, or 5.0 nm may allow simple multiplexing and demultiplexing. On the other
hand, the range between the shortest wavelength and the longest wavelength of the multiple
wavelengths (“"WDM bandwidth”) may preferably be sufficiently small such that the
characteristics or performance of the optoelectronic matrix multiplication unit 3520 remain

substantially the same across the multiple wavelengths., Optical components are typically
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dispersive, meaning that their optical characteristics change as a function of wavelength. For
example, a power splitting ratio of an MZI may change over wavelength. However, by
designing the optoelectronic matrix multiplication unit 3520 to have a sufficiently large
operating wavelength window, and by limiting the wavelengths to be within that operating
wavelength window, the output electronic vector output by the optoelectronic matrix
multiplication unit 3520 corresponding to each wavelength may be a sufficiently accurate
result of the matrix multiplication implemented by the optoelectronic matrix multiplication
unit 3520. The operating wavelength window may be, for example, | nm, 2 nm, 3 nm, 4 nm,
S, 10 nm, or 20 nm.

[00631] The modulator array 144 of the WDM ANN computation system 3500 includes
banks of optical modulators configured to generate a plurality of optical input vectors, each
of the banks corresponding to one of the multiple wavelengths and generating respective
optical input vector having respective wavelength. For example, for a system with an optical
mput vector of length 32 and 3 wavelengths {e.g., A1, A2, and 13}, the modulator array 144
may have 3 banks of 32 modulators each. Further, the modulator array 144 also includes an
optical multiplexer configured to combine the plurality of optical mput vectors into a
combined optical 1nput vector including the plurality of wavelengths. For example, the
optical multiplexer may combine the outputs of the three banks of modulators at three
different wavelengths into a single propagation channel, such as a wavegwide, for each
element of the optical input vector. As such, returning to the example above, the combined
optical mput vector would have 32 optical signals, each signal contaming 3 wavelengths.
[00632] The optoelectronic processing components of the WDM ANN computation system
3500 are further configured to demultiplex the multiple wavelengths and to generate a
plurality of demultiplexed output electric signals. Referring to FIG. 358, the optoelecironic
matrix multiplication unit 3520 includes optical paths 1803 configured to receive from the
modidator array 144 the combined optical input vector including the plurality of
wavelengths. For example, the optical path 1803 1 receives the combined optical input
vector element vy at the wavelengths A, A2, and A3. Copies of the optical input vector
element vy at the wavelengths A1, A2, and A3 are provided to the multiphication module
3530 11,3530 21, .., and 3530 m1. Insome implementations in which the multiplication

modules 3530 output elecirical signals, the multiplication module 3530 11 ocutputs three
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clectrical signals representing M11'v that correspond to the input vector element vy at the
wavelengths A1, A2, and A3. The output electrical signals of the multiplication module
3530 11 that correspond to the input vector element vy at the wavelengths A1, A2, and A3 are
shown as (A1), (A2}, and (A3), respectively. Similar notations apply 1o the outputs of the other
multiplication modules. The multiplication module 3530 21 outputs three electrical signalg
representing M1y that correspond to the input vector element vy at the wavelengths A1, A2,
and A3, respectively. The multiplication module 3530 _m1 cutpuis three electrical signals
representing My 17vy that correspond to the input vector element vy at the wavelengths A1, A2,
and A3

[00633] Copies of the optical input vector element v at the wavelengths A1, A2, and 23 are
provided to the multiplication module 3530 12,3530 22, ..., and 3530 m2. The
multiplication module 3530 12 outputs three electrical signals representing Adyy°v that
correspond o the input vector element vy at the wavelengths A1, A2, and A3. The
multiplication module 3530 22 outputs three electrical signals representing May vy that
correspond to the mput vector element v at the wavelengths 1, 2.2, and A3. The
multiplication module 3530 _m2 outputs three electrical signals representing M,,;°v; that
correspond to the input vector element vy, at the wavelengths A1, A2, and A3.

[00634] Copies of the optical input vector element v, including the wavelengths A1, A2, and
A3 are provided to the multiplication moduole 3536 _1n, 3530 2n, ..., and 3530 mn. The
multiphication module 353012 outputs three electrical signals representing Mi,'v, that
correspond to the input vector element v, at the wavelengths A1, 2.2, and A3. The
multiplication module 3530 2» outputs three electrical signals representing Mo, v, that
correspond to the imput vector element v, at the wavelengths A1, A2, and A3. The
multiplication module 3530 _mn outputs three elecirical signals representing My, vy, that
correspond to the mput vector element v, at the wavelengths A1, A2, and 33, and 50 forth.
[00635] For example, each of the multiplication module 3530 may include a demultiplexer
configured to demultiplex the three wavelengths contained in each of the 32 signals of the

multi-wavelength optical vector, and route the 3 single-wavelength optical output vectors to
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three banks of photodetectors {e.g., photodetectors 2012, 2016 (FIG. 20B} or 2042, 2046
{F1G. 200)) coupled to three banks of op-amps or transimpedance amplifiers {e.g., op-amps
2030 (FIG. 208B) or 2050 (FIG. 20C)).

[00636] Three banks of summation modules 1808 receive outputs from the multiplication
modules 3530 and generate sums y that correspond o the input vector at the various
wavelengths, For example, three surmmation modules 1808 1 receive the outputs of the
multiplication modules 3530 11, 3530 12, ..., 3530 _1x and generate sums y1{A1}), 31(A2),
y1{A2} that correspond to the input vector element vy at the wavelengths A1, A2, and A3,
respectively, in which at each wavelength the sum yy 18 equal to My, vy + Moy + - +

M ¥, Three summation modules 1808 2 receive the outputs of the multiplication modules
3530 21,3530 22, ..., 3530 2n, and generates sums (A1), (a2}, y2(33) that correspond to
the nput vector element v; at the wavelengths A1, A2, and A3, respectively, in which at each
wavelength the sum 3, 1s equal to My, vy + M.,v, + -+ + M, v, Three summation modules
1808 _# receive the outputs of the multiplication modules 1806 _m1, 1806 m2, ..., 1806 mmn,
and generates sums v,{A1), v,(A2), v,(A3) that correspond to the input vector element v, at the
wavelengths A1, A2, and A3, respectively, in which at each wavelength the sum yy, is equal to
Mg Uy + Mpovp & o+ My vy,

006371 Referring back to FIG. 35A, the ADC unit 160 of the WDM ANN computation
system 3500 includes banks of ADCs configured to convert the plurality of demultiplexed
output voltages of the optoelectronic matrix multiplication unit 3520, Each of the banks
corresponds to one of the multiple wavelengths, and generates respective digitized
demultiplexed outputs. For example, the banks of ADCs 160 mayv be coupled to the banks of
the summation modules 1808,

[00638] The controller 110 may implement a method analogous to the method 3300

{FIG. 33) but expanded to support the multi-wavelength operation. For example, the method
may include the steps of obtaiming, from the ADC unit 160, a plurality of digitized
demultiplexed outputs, the plurality of digitized demultiplexed outputs forming a plurality of
first digital ouiput vectors, in which each of the plurality of first digital output vectors
corresponds to one of the plurality of wavelengths; performing a nonlinear transformation on

each of the plurality of first digital output vectors to generate a plurality of transformed first
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digital output vectors; and storing, in the memory unit, the plurality of transformed first
digital ocutput vectors.

[00639] In some cases, the ANN may be specifically designed, and the digital input vectors
may be specifically formed such that the multi-wavelength products of the multiplication
module 3530 can be added without demultiplexing. In such cases, the multiplication module
3530 may be a wavelength-insensitive multiplication module that does not demultiplex the
multiple wavelengths of the multi-wavelength products. As such, each of the photodetectors
of the multiplication module 3530 effectively sums the multiple wavelengths of an optical
signal into a single photocurrent, and each of the voltages output by the multiplication
module 3530 corresponds to a sum of the product of a vector element and a matrix element
for the multiple wavelengths. The summation module 1808 (only one bank is needed) outputs
an element-by-element sum of the matrix multiphication results of the multiple digital input
vectors.

[00640] FIG. 35C shows an example of a system configuration 3500 for an implementation
of the wave division multiplexed optoelectronic matrix multiplication unit 3520 for

performing vector-matrix multiplication using a 2 X Z-element matrix, with the summation

operation performed in the electrical domain. In this example, the input vector is 7 = {f E,
/]

My My
My My,

and the matrix is M = [ In this example, the input vector has multiple

wavelengths A1, A2, and A3, and each of the elements of the input vector is encoded on a
different optical signal. Two different copying modules 1902 perform an optical copying
operation to split the computation over different paths (e.g., an “upper” path and a “lower”
path). There are four multiplication modules 1904 that each multiply by a different matrix
element using optical amplitude modulation. The output of each multiplication module 1904
is provided to a demultiplexer and a bank of optical detection modules 3310 that converta
wavelength division multiplexed optical signal to electrical signals in the form of electrical
currents assoctated with the wavelengths A1, A2, and A3. Both upper paths of the different
mput vector elements are combined using a bank of summation modules 3320 associated
with the wavelengths A1, A2, and 4.3, and both lower paths of the different input vector
elements are combined using a bank of summation modules 3320 associated with the

wavelengths A1, A2, and A3, in which the summation modules 3320 perform summation in
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the electrical domain. Thus, each of the elements of the output vector for each wavelength is
encoded on a different electrical signal. As shown in FIG. 35C, as the computation
progresses, each component of an output vector is incrementally generated to vield the
following results for the upper and lower paths, respectively, for each wavelength.

Myvy +Mv,

Mzyvy + My,
[00041] The system configuration 3500 can be implemented using any of a variety of
optoelectronic technologies. In some implementations, there 1s a common substrate {e.g., a
semiconductor such as silicon), which may be able to support both integrated optics
components and electronic components. The optical paths can be implemented in waveguide
structures that have a material with a higher optical index surrounded by a material with a
lower optical index defining a wavegwde for propagating an optical wave that carries an
optical signal. The electrical paths can be implemented by a conducting material for
propagating an electrical current that carries an electrical signal. {(In FIG. 35C, the
thicknesses of the lines representing paths are used to differentiate between optical paths,
represented by thicker lines, and electrical paths, represented by thinner hines or dashed
lines. } Optical devices such as splitters and optical amplitude modulators, and electrical
devices such as photodetectors and operational amplifiers (op-amps}) can be fabricated on the
common substrate. Alternatively, different devices having different substrates can be used to
implement different portions of the system, and those devices can be 1n communication over
communication channels. For example, optical fibers can be used to provide communication
channels to send optical signals among multiple devices used to implement the overall
system. Those optical signals may represent different subsets of an nput vector that is
provided when performing vector-matrix multiphication, and/or different subsets of
mtermediate results that are computed when performing vector-matrix multiplication, as
described in more detail below.
[00642] 8o far, the nonlinear transformations of the weighted sums performed as part of
the ANN computation was performed 1n the digital domain by the controller 110. In some
cases, the nonlinear transformations may be computationally intensive or power hungry, add
significantly to the complexity of the controller 110, or otherwise limit the performance of

the ANN computation system 3200 (FIG. 32A) 1n terms of throughput or power efficiency.
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As such, in some implementations of the ANN computation system, the nonlinear
transformation may be performed in the analog domain through analog electronics.

[00643] FIG. 36 shows a schematic diagram of an example of an ANN computation system
3600, The ANN computation system 3600 s similar to the ANN computation system 3200,
but differs in that an analog nonlinearity unit 310 has been added. The analog nonlinearity
unit 310 1s arranged between the optoelectronic matrix multiplication unit 3220 and the ADC
unit 160. The analog nonlinearity unit 310 1s configured to receive the output voltages from
the optoelectronic matrix multiplication unit 3220, apply a nonlinear transfer function, and
output transformed output voltages to the ADC unit 160,

[00644]  As the ADC unit 160 receives voltages that have been nonlinearly transformed by
the analog nonlinearity unit 310, the controller 110 may obtain, from the ADC unit 160,
transformed digitized output voltages corresponding to the transformed output voltages.
Because the digitized output voltages obtained from the ADC urut 160 have already been
nonlinearly transformed (“activated”), the nonlinear transformation step by the controller 110
can be omitted, reducing the computation burden by the controller 110, The first transformed
voltages obtained directly from the ADC unit 160 may then be stored as the first transformed
digital ouiput vector in the memory unit 120,

[00645] The analog nonhinearity unit 310 may be implemented m various ways, as
discussed above for the analog nonlinearity unit 310 of FIG. 3A Use of the analog
nonhnearity unit 310 may improve the performance, such as throughput or power efficiency,
of the ANN computation system 3600 by reducing a step to be performed n the digital
domain. The moving of the nonlinear transformation step out of the digital domain may
allow additional flexibility and improvements in the operation of the ANN computation
systems. For example, in a recurrent neural network, the output of the optoelectronic matrix
multiplication unit 3220 1s activated, and recirculated back to the input of the optloelectromc
mairix multiplication unit 3220, The activation is performed by the controller 110 in the
ANN computation system 3200, which necessitates digitizing the output voltages of the
optoclecironic matrix multiplication unit 3220 at every pass through the optoelectronic
matrix multiplication unit 3220. However, because the activation is now performed prior to
digitization by the ADC unit 160, 1t may be possible to reduce the number of ADC

conversions needed in performing recurrent neural network computations.
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[00646] In some implementations, the analog nonlinearity unit 310 mayv be mtegrated into
the ADC unit 160 as a nonlinear ADC unit. For example, the nonlinear ADC unit can be a
linear ADC unit with a nonlinear lookup table that maps the linear digitized outputs of the
linear ADC unit into desired nonlinearly transformed digitized outputs.

[00647] FIG. 37 shows a schematic diagram of an example of an ANN computation system
3700, The ANN computation system 3700 is similar to the system 3600 of FIG. 36, but
differs n that it further includes an analog memory unit 320. The analog memory unit 320 1
coupled to the DAC unit 130 (e.g., through the first DAC subunit 132), the modulator array
144, and the analog nonlinearity unit 310. The analog memory unit 320 includes a
multiplexer that has a first input coupled to the first DAC subunit 132 and a second mput
coupled to the analog nonlinearity unit 310. This allows the analog memory unit 320 to
receive signals from either the first DAC subunit 132 or the analog nonlinearity unit 310, The
analog memory unit 320 1s configured to store analog voltages and to output the stored
analog voltages. The analog memory unit 320 may be implemented in various ways, as
discussed above for the analog memory anit 320 of FIG. 3B.

[00648] The operation of the ANN computation system 3700 will now be described. The
first plurality of modulator control signals output by the DAC unit 130 {e.g., by the first DAC
subunit 132) 18 first input to the modulator array 144 through the analog memory unit 320,

At this step, the analog memory unit 320 may sumply pass on or buffer the first plurality of
modulator control signals. The modulator array 144 generates an optical input vector based
on the first plurality of modulator control signals, which propagates through the
optoslecironic matrix multiplication unit 3220. The output voltages of the optoelectronic
matrix multiplication unit 3220 are nonlinearly transformed by the analog nonlimearity unit
310. At this point, instead of being digitized by the ADC unit 160, the output voltages of the
analog nonlinearity unit 310 are stored by the analog memory unit 320, which are then output
to the modulator array 144 to be converted into the next optical mput vector to be propagated
through the optoelectronic matrix multiplication unit 3220, This recurrent processing can be
performed for a preset amount of time or a preset number of cycles, under the control of the
controller 110. Once the recurrent processing 18 complete for a given digital input vector, the
transformed output voltages of the analog nonlinearity unit 310 are converted by the ADC

unit 160.
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[00649] 'The advantages of using the analog memory unit 320 in the system 3700 are
similar to those of using the analog memory unit 320 in the system 302 of FIG. 38,

Smularly, the execution of the recurrent neural network computation using the systern 3700
can be similar to that of the system 302 of FIG. 3B

[00650]  As discussed above for the system 400 of FIG. 4A | there are advantages (e.g,
reduced power consumption) by using an ANN computation system that internally operates
at a bit resolution lower than the resolution of the nput dataset while maintaining the
resolution of the ANN computation output. Referring to FIG. 38, a schematic diagram of an
exaraple of an artificial neural network (ANN) computation system 3800 with 1-bit internal
resolution 1s shown. The ANN computation system 3800 15 similar to the ANN computation
system 3200 (FIG. 32A), but differs in that the DAC unit 130 15 now replaced by a driver unit
430, and the ADC unit 160 1s now replaced by a comparator unit 460,

[00651] The driver unit 430 and the comparator unit 460 in the system 3800 of FIG. 38
operate in a4 manner similar to the driver unit 430 and the comparator 460 in the system 400
of FIG. 4A. A mathematical representation of the operation of the ANN computation system
3800 in FIG. 38 15 similar to mathematical representation of the operation of the ANN
computation system 400 shown in FIG 4A.

[00652] The ANN computation system 3800 performs ANN computations by performmng a
series of matrix multiplication of 1-bit vectors followed by summation of the individual
matrix multiplication result. Using the example shown in FIG. 4A, each of the decomposed
mput vectors Vi through Vs may be multiplied with the matrix U by generating, through
the driver unit 430, a sequence of 4 1-bit modulator control signals corresponding to the 4 1-
bit input vectors. This in turn generates a sequence of 4 1-bit optical input vectors, which is
processed by the optoelectronic matrix multiplication unit 3220 configured through the driver
unit 430 to implement matrix multiplication of matrix U. The conirolier 110 may then
obtain, from the comparator unit 460, a sequence of 4 digitized 1-bit optical putputs
corresponding to the sequence of the 4 1-bit modulator control signals.

[00653]  In this case where a 4-bit vector 15 decomposed into 4 1-bit vectors, each vector
should be processed by the ANN computation system 3800 at four times the speed at which a
single 4-bit vector can be processed by other ANN computation systems, such as the system

3200 (FiG. 32A), to maintain the same effective ANN computation throughput. Such
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mcreased internal processing speed may be viewed as time-division multiplexing of the 4 1-
bit vectors into a single timeslot for processing a 4-bit vector. The needed increase in the
processing speed may be achieved at least in part by the increased operating speeds of the
driver unit 430 and the comparator unit 460 relative to the DAC unit 130 and the ADC unit
160, as a decrease in the resolution of a signal conversion process typically leads to an
crease in the rate of signal conversion that can be achieved.

[00654] In this example, although the signal conversion rates are increased by a factor of
four in 1-bit operations, the resulting power consumption may be significantly reduced
relative to 4-bit operations. As previously described, power consumption of signal
conversion processes typically scale exponentially with the bit resolution, while scaling
linearly with the conversion rate. As such, a 16 fold reduction in power per conversion may
result from the 4 fold reduction in the bit resolution, followed by a 4 fold increase in power
from the increased conversion rate. Overall, a 4 fold reduction in operating power may be
achieved by the ANN computation system 3800 over, for example, the ANN computation
system 3200 while maintaiming the same effective ANN computation throughput.

[00655] The controller 110 may then construct a 4-bit digital output vector from the 4
digitized 1-bit optical outputs by multiplying each of the digitized 1-bit optical outputs with
respective weights of 270 through 273, Once the 4-bit digutal output vector 18 constructed,
the ANN computation may proceed by performing a nonlinear transformation on the
constructed 4-bit digital ouiput vector 1o generate a transformed 4-bit digital output vector;
and storing, i the memory unit 120, the transformed 4-bit digital output vector,

[00656] Alternatively, or additionally, in some implementations, each of the 4 digitized 1-
bit optical outputs may be nonlinearly transformed. For example, a step-function nonlinear
function may be used for the nonlinear transformation. Transformed 4-bit digital output
vector may then be constructed from the nonlinearly transformed digitized 1-bit optical
outputs.

{00657] While a separate ANN computation system 3800 has been illustrated and
described, in general, the ANN computation system 3200 of FIG. 32A may be designed to
implement functionalities analogous to that of the ANN computation system 3800, For

example, the DAC unit 130 may include a 1-bit DAC subunit configured to generate 1-bit
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modulator control signals, and the ADC unit 160 mayv be designed to have a resolution of 1-
bit. Such a 1-bit ADC may be analogous to, or effectively equivalent to, a comparator.
[00658] Further, while operation of an ANN computation system with 1-bit internal
resolution has been described, i general, the internal resolution of an ANN computation
system may be reduced to an intermediate level lower than the N-bit resolution of the input
dataset. For example, the internal resolution may be reduced to 2Y bits, where Y 1s an
mteger greater than or equal t0 0.

[00659] A variety of alternative system configurations or signal processing techniques can
be used with various implementations of the different systems, subsystems, and modules
described herein.

[00660] In some embodiments, it may be useful for some or all of the VMM subsystems to
be replaceable with alternative subsystems, including subsystems that use different
mmplementations of the various copyving modules, multiplication modules, and/or summation
modules. For example, a YMM subsystem can include the optical copying modules described
herem and the electrical summation modules described herein, but the multiplication modules
can be replaced with a subsystem that performs the multiplication operations in the electrical
domain mstead of the optoelectronic domain. In such examples, the array of optical
amplitude modulators can be replaced by an array of detectors to convert optical signals to
electrical signals, followed by an electronic subsystem {e.g., an ASIC, processor, or So(C).
Optionally, if optical signal routing 15 to be used to the summation modules that are
configured to detect optical signals, the electronic subsystem can include electrical to optical
conversion, for example, using an array of electrically-modulated optical sources.

[00661]  In some embodiments, it may be useful to be able to use a single wavelength for
some or all of the optical signals being used for some or all of the VMM computations,
Alternatively, in some embodiments, to help reduce the number of optical input ports that
may be required, an input port can receive a multiplexed optical signal that has different
values encoded on different optical waves at different wavelengths. Those optical waves can
then be separated at an appropriate location in the system, depending on whether any of the
copying medules, multiplication modules, and/or summation modules are configured to
operate on multiple wavelengths. But, even in the multi-wavelength embodiments, it may be

useful to use the same wavelength for different subsets of optical signals, for example, used
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in the same VMM subsystem.

[00662]  In some embodiments, an accumulator can be used to enable a time domain
encoding of the optical and electrical signals received by the various modules, alleviating the
need for the electronic circuitry fo operate effectively over a large number of different power
levels. For example, a signal that is encoded using binary {on-off} amplitude modulation with
a particular duty cycle over N time slots per symbol, can be converted into a signal that has N
amplitude levels per symbol after that signal is passed through the accumulator (an analog
electronic accumulator that integrates the current or voltage of an electrical signal). So, if the
optical devices {e.g., the phase modulators in the optical amplitude modulators) are capable
of operating at a symbol bandwidth B, they can be operated instead at a symbol bandwidth
B/100, where each symbol value uses N = 100 time slots. An integrated amplitude of 50%
has a 50% duty cycle {e.g., the first 50 tune slots at the non-zero “on” level, followed by 50
time slots at the zero, or near zero, “oft” level), whereas an integrated amplitude of 10% has
a 10% duty cycle {e.g., the first 10 time slots at the non-zero “on” level, followed by 90 time
slots at zero “off” level). In the examples described herein, such an accumulator can be
positioned on the path of each electrical signal at any location within the VMM subsystem
that 1s consistent for each electrical signal, such as for example, before the summation
modules for all electrical signals in that VMM subsystem or after the summation modules for
all electrical signals in that VMM subsystem. The VMM subsystem may also be configured
such that there are no significant relative time shifts between different electnical signals
preserving alignment of the different symbols.

[00663] Referring to FIG. 40, in some implementations, homodyne detection can be used
{0 obtain the phase and the amplitude of the modulated signal. A homodyne detector 4000
inclodes a beam splitter 4602 that includes a 2x2 mulii-mode interference (MMI) coupler,
two photodetectors 4004a and 4004b, and a subtractor 4006. The beam splitter 4002 receives
mput signals E1 and E2, the ocutpuis of the beam splitter 4002 are detected by the
photodetectors 4004a and 4004b. For example, the input signal E1 can be the signal to be
detected, and the input signal E2 can be generated by a local oscillator that has a constant
laser power. The local oscillator signal E2 is mixed with the input signal E1 by the beam
splitter 4002 before the signals are detected by the photodetectors 4004a and 4004b. The
subtractor 4006 outputs the difference between the outputs of the photodetectors 4004a and
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4004b. The output 4008 of the subtractor 4006 is proportional to |E; 11E,|sin{8), in which
|E4 ] and |E;

are the amplitudes of two input optical fields, 8 is their relative phase. Since the
output is related to the product of two optical fields, it can detect an extremely weak optical
signal, even in single-photon level

[00064] For example, the homodyne detector 4000 can be used in the systems shown in
FIGS 1A, IF, 3A-4A, 5, 7,9, 18-24E, 26-32B, and 35A-38. The homodyne detector 4000
provides gain on the signal and hence better signal noise ratio. For coherent systems, the
homodyne detector 4000 provides the added benefit of revealing the phase information of the
signal via the polarity of the detection result.

[00665] In the example of FIG. 19B, the system 1920 includes a 2 X 2-element matrix, in
which two input vector elements are encoded on two optical signals using two different
respective wavelengths A, and A,. The two optical signals can be provided to the system
1920 using, e.g., two optical fibers. For example, a system that performs matrix processing
on 4x4 matrices can receive four input optical signals carried on four optical fibers. Although
more optical fibers may be used to carry more input optical signals for systems that process
larger matrices, because the coupling between an optical fiber and an opioelectronics chip
takes up considerable space, 1t 1s difficult to couple a large number of optical fibers to an
optoelecironics chip.

[00666] A way to reduce the number of optical fibers required to carry optical signals to an
optoelectronics chip is to use wavelength division multiplexing. Multiple optical signals
having different wavelengths can be multiplexed and transmitted using a single optical fiber.
For example, referring to FIG. 41, n a3 computation system 4100, a first light signal 4102
having a wavelength A, 1s modulated by a first modulator 4104 to produce a first modulated
optical signal 4120 representing a first input vector element V1. A second light signal 4106
having a wavelength A, 1s modulated by a second modulator 4108 to produce a second
modulated optical signal 4122 representing a second 1nput vector element V2. The first and
second modulated optical signals are combined by a multiplexer 4110 to produce a
wavelength division muoltiplexed signal that 1s transmitted via an optical fiber 4112 to an
optoelectronics chip 4114 that includes a plurality of matrix multiplication modules, e.g.,
4116a, 4116b, 4116¢, and 4116d (collectively referenced as 4116), and 4118a, 4118b, 4118,
and 4118d {collectively referenced as 4118).
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[00667] Inside the optoelectronics chip 4114, the wavelength division multiplexed signal is
demultiplexed by a demultiplexer 4118 to separate the optical signals 4120 and 4122, In this
example, the optical signal 4120 s copied by a copying module 4124 to produce copies of
opiical signals that are sent to the matrix multiplication modules 4116a and 4118a. The
optical signal 4122 1s copied by a copving module 4126 to produce copies of optical signals
that are sent to the matrix multiplication modules 4116b and 4118b. The outputs of the
matrix multiplication unis 4116a and 4116b are combined using an optical coupler 4120a,
and the combined signal is detected by a photodetector 4122a.

[00668] A third light signal 4124 having a wavelength A, 1s modulated by a third
modulator 4128 to produce a third modulated optical signal 4132 representing a third input
vector element V3. A fourth light signal 4126 having a wavelength 2, is modulated by a
fourth modulator 4130 to produce a fourth modulated optical signal 4134 representing a
fourth input vector element V4. The third and fourth modulated optical signals are combined
by a multiplexer 4136 to produce a wavelength division multiplexed signal that is transmitted
via an optical fiber 4138 to the optoelectronics chip 4114,

[00669]  Inside the optoelectronics chip 4114, the wavelength division multiplexed signal
provided by the optical fiber 4138 15 demultiplexed by a demultiplexer 4140 to separate the
optical signals 4132 and 4134, In this example, the optical signal 4132 1s copied by a copying
module 4142 to produce copies of optical signals that are sent to the matrix multiplication
modules 4116¢ and 4118c. The optical signal 4134 is copied by a copymng module 4144 to
produce copies of optical signals that are sent to the matrix multiplication modules 4116d and
4118d. The outpuis of the matrix muliiplication units 4116¢ and 41164 are combined using
an optical coupler 4120b, and the combined signal is detected by a photodetector 4122b. The
outputs of the matrix multiplication units 4118a and 4118b are combined using an optical
coupler, and the combined signal 1s detected by a photodetector. The outputs of the matrix
multiplication units 4118¢ and 4118d are combined using an optical coupler, and the
combined signal is detected by a photodetector.

[00670] In some examples, a multiplexer can multiplex optical signals having three or
more (e.g., 10, or 100} wavelengths to produce a wavelength division multiplexed signal that
is transported by a single optical fiber, and a demultiplexer inside the optoelectronics chip

can demultiplex the wavelength division multiplexed signal to separate the signals having
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different wavelengths. This allows more optical signals be transmitted to the optoelectronics
chip in paraliel through the optical fibers, increasing the data processing throughput of the
optoelectronics chip.

[00671] The digital controller {e.g., for controlling the components shown in FIG. 24E) and
the functional operations described in this specification can be implemented in digital
electronic circuiiry, or in computer software, firmware, or hardware, including the structures
disclosed n this specification and their structural equivalents, or in combinations of one or
more of them. Embodiments of the subject matter described in this specification can be
implemented using one or more modules of computer program mstructions encoded ona
computer-readable medium for execution by, or to control the operation of, data processing
apparatus. The computer-readable medium can be a manufactured product, such as hard drive
m a computer systerm or an optical disc sold through retail channels, or an embedded system.
The computer-readable medium can be acquired separately and later encoded with the one or
more modules of computer program nstructions, such as by delivery of the one or more
modules of computer program instructions over a wired or wireless network. The
computer-readable mediom can be a machine-readable storage device, a machine-readable
storage substrate, a memory device, or a combination of one or more of them.

(006721 A computer program {also known as a program, software, software application,
script, or code) can be written in any form of programming language, ncluding compiled or
terpreted languages, declarative or procedural languages, and it can be deployed n any
form, including as a stand-alone program or as a module, component, subrouting, or other
unit suitable for use in a computing environment. A computer program does not necessarily
correspond to a file in a file system. A program can be stored in a portion of a file that holds
other programs or data (e.g., one or more scripts stored in a markup language document}, in a
single file dedicated to the program in question, or in muliiple coordinated files (e.g, files
that store one or more modules, sub-programs, or portions of code}. A computer program can
be deployed to be executed on one computer or on multiple computers that are located at one
site or distributed across multiple sites and interconnecied by a communication network.
{00673} The processes and logic flows described in this specification can be performed by
one or more programmable processors executing one or more computer programs to perform

functions by operating on mput data and generating output. The processes and logic flows
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can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array)} or an ASIC {(application-specific
mtegrated circuit).
[00674]  Whale the disclosure has been described in connection with certaim embodiments,
it 1s to be understood that the disclosure is not to be limited to the disclosed embodiments
but, on the contrary, 1s intended to cover various modifications and equivalent arrangements
meluded within the scope of the appended claims, which scope 1s to be accorded the broadest
mterpretation so as to encompass all such modifications and equivalent structures as is
permitted under the law.
[00675] Although the present invention 15 defined in the attached claims, it should be
understood that the present invention can also be defined in accordance with the following
embodiments:
[00676] Embodiment 1. A system, comprising;

a memory unit configured to store a dataset and a plurality of neural network
weights;

a digital-to-analog converter (BAC) umt configured to generate a plurality of
modulator control signals and to generate a plurality of weight conirol signals;

an optical processor comprising:

a laser umit configured to generate a plurality of light cutputs;

a plurality of optical modulators coupled to the laser unit and the BAC
unit, the plurality of optical modulators being configured to generate an optical input vecior
by modulating the plurality of light outputs generated by the laser unit based on the plurality
of modulator control signals;

an optical matrix multiplication unit coupled to the plurality of optical
modulators and the DAC unit, the optical matrix multiplication unit being configured to
transform the optical input vector into an optical output vector based on the plurality of
weight control signals; and

a photodetection unit coupled to the optical matrix multiplication unit
and configured to generate a plurality of output voltages corresponding to the optical output

vector,;
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an analog-to-digital conversion { ADC) unit coupled to the photodetection unit and
configured to convert the plurality of output voltages into a plurality of digitized optical
outputs;
a controller comprising integrated circuttry configured to perform operations
comprising;
receiving, from a computer, an artificial neural network computation
request comprising an wput dataset and a first plurality of neural network weights, wherein
the input dataset comprises a first digital input vector,
storing, in the memory unit, the input dataset and the first plurality of
neural network weights; and
generating, through the DAC unat, a first plurality of modulator control
signals based on the first digital input vector and a first plurality of weight control signals

based on the first plurality of neural network weights.

[0677] Embodiment 2: The system of embodiment 1, wherein the operations further
comprise:

obtamning, from the ADC unit, a first plurahty of digitized optical outputs
corresponding to the optical output vector of the optical matrix multiphcation unit, the first
plorality of digitized optical outputs forming a first digial output vector;

performing a nonlinear transformation on the first digital output vector to generate
a fust transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0678] Embodiment 3: The system of embodiment 2, wherein the system has a first loop
period defined as a time elapsed between the step of storing, in the memory unit, the input
dataset and the first plurality of nevral network weights, and the step of storing, in the
memory unit, the first transformed digital output vector, and

wherein the first loop peried is fess than or equal to 1 ns.

{06791 Embodiment 4. The system of embodiment 2, wherein the operations further

comprise:
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outputting an artificial neural network output generated based on the first

transformed digital output vector.

[0680] Embodiment 5: The system of embodiment 2, wherein the operations further
comprise:
generating, through the DAC unit, a second plurality of modulator control signals

based on the first transformed digital output vector.

[0681] Embodiment 6: The system of embodiment 2, wherein the artificial neural network
computation request further comprises a second plurality of neural network weights, and
wherein the operations further comprise:
based on the obtaining of the first plurality of digitized optical outputs, generating,
through the DAC unit, a second plurality of weight countrol signals based on the second

plurality of neural network weights.

[0682] Embodiment 7: The system of embodiment 6, wherein the first and second
pluralities of neural network weights correspond to different layers of an artificial neural

network.

[0683] Embodiment & The system of embodiment 2, wherein the mput dataset further
comprises a second digital input vector, and

wherein the operations further comprise:

generating, through the DAC unit, a second plurality of modulator control signals
based on the second digital input vector;

obtaining, from the ADC unit, a second plurality of digitized optical outputs
corresponding to the optical output vector of the optical matrix multiplication unit, the
second plurality of digitized optical outputs forming a second digital output vector;

performing a nonlinear transformation on the second digital output vector to
generate a second transformed digital output vector;

storing, in the memory unit, the second transformed digital output vector; and
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outputting an artificial neural network output generated based on the first
transformed digital output vector and the second transformed digital output vector,

wherem the optical output vector of the optical matrix multiplication unit results
from a second optical input vector generated based on the second plurality of modulator
control signals that is transformed by the optical matrix multiplication unit based on the first-
mentioned plurality of weight control signals.
[0684] FEmbodiment 9: The system of embodiment 1, further comprising:

an analog nonlinearity unit arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to receive the plurality of output voltages
from the photodetection unit, apply a nonlinear transfer function, and output a plurality of
transformed output voltages to the ADC unit,

wherein the operations further comprise:

obtaming, from the ADC unit, a first plurality of transformed digitized output
voltages corresponding to the plurality of transformed output voltages, first plurality of
transformed digitized output voltages forming a first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0685] Embodiment 10: The system of embodiment 1, wherein the integrated circuitry of
the controller is configured to generate the first plurality of modulator control signals at a rate

greater than or equal to 8 GHz,

{0686] Embodiment 11: The system of embodiment 1, further comprising:

an analog memory unit arranged between the DAC unit and the plurality of optical
modulators, the analog memory unit being configured to store analog voltages and to output
the stored analog voltages; and

an analog nonlinearity unit arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to receive the plurality of output voltages
from the photodetection unit, apply a nonlinear transfer function, and output a plurality of

transformed output voltages.
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[0687] Embodiment 12: The system of embodiment 11, wherein the analog memory unit

comprises a plurality of capacitors.

[0688] Embodiment 13: The system of embodiment 11, wherein the analog memory unit
18 configured to receive and store the plurality of transformed output voltages of the analog
nonhnearity unit, and to output the stored plurality of transformed output voltages to the
plurality of optical modulators, and

wherein the operations further comprise:

based on generating the first plurality of modulator control signals and the first
plurality of weight control signals, storing, in the analog memory unit, the plurality of
transformed output voltages of the analog nonlinearity unit;

outputting, through the analog memory unit, the stored transformed output
voltages;

obtaming, from the ADC unit, a second plurality of transformed digitized output
voltages, the second plurality of transformed digitized output voltages forming a second
transtormed digital output vector; and

storing, in the memory unit, the second transformed digital output vecior.

[0689] Embodiment 14: The system of embodiment 1, wherein the input dataset of the
artificial neural network computation request comprises a plurality of digital input vectors,

wheremn the laser unit is configured to generate a plurality of wavelengths,

wherein the plurality of optical modulators comprise:

banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generaiing a respective optical input vector having a respective wavelength; and

an optical multiplexer configured to combine the plurality of optical input vectors
into a combined optical input vector comprising the plurality of wavelengths,

wherein the photodetection unit is further configured to demultiplex the plurality
of wavelengths and to generate a plurality of demultiplexed output voltages, and

wherein the operations comprise:
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obtaining, from the ADC unit, a plurality of digitized demultiplexed optical
outputs, the plurality of digitized demultiplexed optical outputs forming a plurality of first
digital output vectors, wherein each of the plurality of first digital output vectors corresponds
to one of the plurality of wavelengths;

performing a nonlinear transformation on each of the plurality of first digital
ouiput vectors 1o generate a plurality of transformed first digital output vectors; and

storing, in the memory unit, the plurality of transformed first digital output vectors,

wherein each of the plurality of digital input vectors corresponds to one of the

plurality of optical input vectors.

[0690]  Embodiment 15: The system of ernbodiment 1, wherein the artificial neural
network computation request comprises a plurality of digital input vectors,

wherein the laser unit is configured to generate a plurality of wavelengths,

wherein the plurality of optical modulators comprise:

banks of optical modulators configured to generate a plarality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generating a respective optical 1nput vector having a respective wavelength; and

an optical multiplexer configured to combine the plurality of optical mput vectors
mio a combined optical input vector comprising the plurality of wavelengths, and

wherein the operations comprise:

obtaining, from the ADC umt, a first plurahity of digitized optical outputs
corresponding to the optical output vector comprising the plurality of wavelengths, the first
plurality of digitized optical outputs forming a first digital output vector;

performing a nonlinear transformation on the first digital output vector to generate
a first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0691] Embodiment 16: The system of embodiment 1, wherein the DAC unit comprises:
a 1-bit DAC subunit configured to generate a plurality of 1-bit modulator control
signals,

wherein a resolution of the ADC unit 15 1 bit,
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wherein a resolution of the first digital input vector is N bits, and

wherein the operations comprise:

decomposing the first digital input vector into N 1-bit input vectors, each of the N
1-bat mnput vectors corresponding to one of the N biis of the first digital input vector;

generating, through the 1-bit DAC subunit, a sequence of N 1-bit modulator
control signals corresponding to the N 1-bit input vectors;

obtaining, from the ADC unit, a sequence of N digitized 1-bit optical outputs
corresponding to the sequence of the N 1-bit modulator control signals;

constructing an N-bit digital output vector from the sequence of the N digitized 1-
bit optical outputs;

performing a nonhinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-bit digital output vector.

[0692] Embodiment 17 The system of embodiment 1, wherein the memory unit
CoOmprises;

a digital input vector memory configured to store the digital input vector and
comprising at least one SRAM; and

a neural network weights memory configured to store the plurality of neural

network weights and comprising at least one DRAM.

{06931 Embodiment 18: The system: of embodiment 1, wherein the DAC unit comprises:
a first DAC subunit configured to generate the plurality of modulator control
signals; and
a second DAC subunit configured to generate the plurality of weight control
signals,

wherein the first and second DAC subuniis are different.

[0694] Embodiment 19: The system of embodiment 1, wherein the laser unit comprises:

a laser source configured to generate light; and
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an optical power splitter configured to split the light generated by the laser source
into the plurality of light outputs, wherein each of the plurality of light outputs have

substantially equal powers.

[0695] Embodiment 20: The system of embodiment 1, wherein the plurality of optical
modulators comprises one of MZI modulators, ring resonator modulators, or electro-

absorption modulators.

[0696] Embodiment 21: The system of emnbodiment 1, wherein the photodetection unit
comprise:

a plurality of photodetectors; and

a plurality of amplifiers configured to convert photocurrents generated by the

photodetectors nto the plurality of output voltages.

[0697] Embodiment 22: The system of embodiment 1, wherein the integrated circuitry is

an application specific mtegrated circuit,

[0698] Embodiment 23: The system of embodiment 1, wherein the optical matrix
multiphication unit comprises:

an array of input waveguides to receive the optical input vector;

an optical interference unit, in optical communication with the array of mput
waveguides, to perform a linear transformation of the optical input vector into a second array
of optical signals; and

an array of output waveguides, in optical communication with the optical
mterference unit, to gurde the second array of optical signals, wherein at least one input
waveguide in the array of input waveguides s in optical communication with each output

waveguide in the array of output waveguides via the optical mterference unit,

[0699] Embodiment 24: The system of embodiment 23, wherein the optical interference

unit Comprises:
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a plurality of interconnected Mach-Zehnder interferometers (MZIs), each MZI in
the plurality of interconnected MZIs comprising;
a first phase shifter configured to change a splitting ratio of the MZI;
and
a second phase shifter configured to shift a phase of one output of the
M7,
wherem the first phase shifters and the second phase shifters are coupled to the

plurality of weight control signals.

[0700] Embodiment 25 A system, comprising:

a memory unit configured to store a dataset and a plurality of neural network
weights;

a driver unit configured to generate a plurality of modulator control signals and to
generate a plurality of weight control signals;

an optical processor comprising;

a laser unit configured to generate a plurality of hight outputs;

a plurality of optical modulators coupled to the laser unit and the driver
unit, the plurality of optical modulators being configured to generate an optical mput vector
by modulating the plurality of light cutputs generated by the laser unit based on the plurainty
of modulator control signals;

an optical matrix multiphication unmit coupled to the plurality of optical
modulators and the driver unit, the optical matrix multiplication unit being configured to
transform the optical input vector into an optical output vector based on the plurality of
weight control signals; and

a photodetection unit coupled to the optical matrix multiplication unit
and configured to generate a plurality of output voltages corresponding to the optical sutput
vector;

a comparator unit coupled to the photodeteciion unit and configured to convert the
plurality of output voltages into a plurality of digitized 1-bit optical outputs; and
a controller comprising integrated circuttry configured to perform operations

coOmprising;
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recetving, from a computer, an artificial neural network computation
request comprising an input dataset and a first plurality of neural network weights, wherein
the input dataset comprises a first digital input vector having a resolution of N bits;

storing, m the memory unit, the input dataset and the first plurality of
neural network weights;

decomposing the first digital input vector into N 1-bit input vectors,
each of the N 1-bit input vectors corresponding to one of the N bits of the first digital input
Vector;

generating, through the driver unit, a sequence of N 1-bit modulator
control signals corresponding to the N 1-bit input vectors;

obtaining, from the comparator unit, a sequence of N digitized 1-bit
optical outputs corresponding to the sequence of the N 1-bit modulator control signals;

constructing an N-bit digital output vector from the sequence of the N
digitized 1-bit optical outputs;

performing a nonlinear transformation on the constructed N-bit digital
output vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-bit digital output vector.

[0701] Embodiment 26: A method for performing artificial neural network computations
m a system having an optical matrix multiplication unit configured to transform an optical
mput vector into an optical output vector based on a plurality of weight control signals, the
method comprising:

receiving, from a computer, an artificial neural network computation request
comprising an input dataset and a first plurality of neural network weights, wherein the input
dataset comprises a first digital input vector;

storing, in a memory unit, the input dataset and the first plurality of neural network
weights;

generating, through a digital-to-analog converter {DAC) unit, a first plurality of
modulator control signals based on the first digital input vector and a first plurality of weight

control signals based on the first plurality of neural network weights;
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obtaining, from an analog-to-digital conversion {ADC) unit, a first plurality of
digitized optical outputs corresponding to an optical output vector of the optical matrix
multiplication unit, the first plurality of digitized optical outputs forming a first digital output
vector;

performing, by a controller, a nonlinear transformation on the first digital output
vector to generate a first transformed digital output vector,

storing, m the memory unit, the first transformed digital output vector; and

outputting, by the controller, an artificial neural network output generated based on

the first transformed digital output vector.

[0702] Embodiment 27. A method comprising;

providing input information in an electronic format;

converting at least a part of the electronic input information into an optical input
vector,

optically transforming the optical nput vector into an optical output vector based
on an optical matrix multiplication;

converting the optical output vector mto an electronic format; and

electronucally applying a non-linear transformation to the electronically converted

optical output vector to provide output information in an electronic format.

[0703] Embodiment 28: The method of embodiment 27, further comprising;

repeating the electronic-to-optical converting, the optical transforming, the optical-
to-electronic converting, and the electronically applied non-linear transforming with respect
1o new electronic input information corresponding to the provided output information in

electronic format.

{0704] Embodiment 29: The method of embodiment 28, wherein the optical matrix
muktiplication for the imtial optical transforming and the optical mairix multiplication of the
repeated optical transforming are the same and correspond to the same layer of an artificial

neural network.
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[0705] Embodiment 30: The method of embodiment 28, wherein the optical matrix
multiplication for the initial optical transtorming and the optical matrix multiplication of the
repeated optical transforming are different and correspond to different layers of an artificial

neural network.

[0706] Embodiment 31 The method of embodiment 27, further comprising;

repeating the electronic-to-optical converting, the optical transforming, the optical-
to-electronic converting, and the electronically applied non-linear transforming with respect
to a different part of the electronic input information,

wherein the optical matrix moultiplication for the initial optical transforming and
the optical matrix multiplication of the repeated optical transforming are the same and

correspond to a first layer of an artificial neural network.

{0767]  Embodiment 32: The method of embodiment 31, further comprising:

providing intermediate information in an electronic format based on the electronic
output information produced for the multiple parts of the electronic input information by the
first layer of the artificial neural network; and

repeating the electronic-to-optical converting, the optical transforming, the optical-
to-electronic converting, and the electronically applied non-linear transforming with respect
to each of different parts of the electronic mtermediate information,

wherein the optical matrix multiplication for the initial optical transforming and
the optical maitrix multiplication of the repeated optical transforming related to the different
parts of the electronic intermediate information are the same and correspond to a second

layer of the artificial neural network.

[0708] Embodiment 33: A system comprising;

an optical processor comprising passive diffractive optical elements, in which the
passive diffractive optical elements are configured to transform an optical input vector or
matrix to an optical output vector or matrix that represents a result of a matrix processing
apphied to the optical input vector or matrix and a predetermined vector defined by the

arrangement of the diffractive optical elements,
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[0709]  Embodiment 34: The system of embodiment 33 in which the matrix processing
comprises a matrix multiplication between the optical input vector or matrix and the

predetermined vector defined by the arrangement of the diffractive optical elements.

[0710] Embodiment 35: The system of embodiment 33 in which the optical processor
comprises an optical matrix processing unit that comprises:

an array of input waveguides to receive the optical input vector,

an optical interference unit comprising the passive diffractive optical elements, in
which the optical interference unit is in optical communication with the array of mput
waveguides and configured to perform a linear transformation of the optical input vector into
a second array of optical signals; and

an array of output waveguides, in optical commurnucation with the optical mterference
unit, to guide the second array of optical signals, wherein at least one input waveguide in the
array of input waveguides is in optical communication with each output waveguide in the

array of output waveguides via the optical interference anit.

[0711] Embodiment 36: The system of embodiment 35 m which the optical mterference
unit comprises a substrate having at least one of holes or stripes, the holes have dimensions
m a range from 100 nm to 10 um, and the widths of the stripes are in a range from 100 nm to

10 pm.

{0712]  Embodiment 37 The system of embodiment 35 in which the optical interference
unit comprises a substrate having the passive diffractive optical elements that are arranged in
a two-dimensional configuration, and the substrate comprises at least one of a planar

substrate or a curved substrate.

{0713]  Embodiment 38: The system of embodiment 37 in which the substrate comprises a
planar substrate that is parallel to a direction of light propagation from the array of input

waveguides to the array of output waveguides.
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[0714]  Embodiment 39: The system of embodiment 33 in which the optical processor
comprises an optical matrix processing unit that comprises:

a matrix of input waveguides to receive the optical input matrix,

an optical interference unit comprising the passive diffractive optical elements, in
which the optical interference unit 15 in optical communication with the matrix of input
waveguides and configured to perform a linear transformation of the optical input matrix into
a second matrix of optical signals; and

a matrix of output waveguides, in optical communication with the optical interference
unit, to guide the second matrix of optical signals, wherein at least one input waveguide in
the matrix of input waveguides 1s in optical communication with each output waveguide in

the matrix of output waveguides via the optical interference unit.

[0715]  Embodiment 40: The system of ernbodiment 39 in which the optical mterference
unit comprises a substrate having at least one of holes or stripes, the holes have dimensions
m a range from 100 nm to 10 pm, and the widths of the siripes are in a range from 106 nm to

16 pum,

[0716] Embodiment 41: The system of embodiment 39 i which the optical nterference
unit comprises a substrate having the passive diffractive optical elements that are arranged n

a three-dimensional configuration.

[0717] Embodiment 42; The system of embodiment 41 in which the substrate has the

shape of at least one of a cube, a column, a prism, or an irregular volume.

{0718] Embodiment 43: The system of embodiment 39 in which the optical processor
comprises an optical interference unit that includes a hologram that has the passive
diffractive optical elements, the optical processor 1s configured o receive modulated light
representing the optical input matrix and continuously transform the light as the light passes

through the hologram until the light emerges from the hologram as the optical output matrix.

[0719] Embodiment 44: The system of embodiment 35 or 39 in which the optical

mnterference unit comprises a substrate having the passive diffractive optical elements, and
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the substrate comprises at least one of silicon, silicon oxide, silicon nitride, quartz, lithium

niobate, a phase-change material, or a polymer.

[0720]  Embodiment 45: The system of embodiment 35 or 39 in which the optical
interference unit comprises a substrate having the passive diffractive optical elements, and

the substrate comprises at least one of a glass substrate or an acrylic substrate.

{07211 Embodiment 46: The system of embodiment 33 in which the passive diffractive

optical elements are partly formed by dopants.

[0722]  Embodiment 47: The system of embodiment 33 in which the matrix processing
represents processing of input data represented by the optical input vector by a neural

network.

{07231 Embodiment 48: The system of embodiment 33 1 which the optical processor
comprises:

a laser unit configured to generate a plurality of light outputs,

a plurality of optical modulators coupled to the laser unit and configured to generate
the optical input vector by modulating the plurality of hight outputs generated by the laser
unit based on a plurality of modulator control signals,

an optical matrix processing unit coupled to the plurality of optical modulators, the
optical matrix processing unit comprising passive diffractive optical elements that are
configured to transform the optical input vector into an optical output vector based on &
plorality of weights defined by the passive diffractive optical elements; and

a photodetection unit coupled to the optical matrix processing unit and configured to

generate a plurality of output electric signals corresponding to the optical sutput vector.

{0724]  Embodiment 49: The system of embodiment 48 in which the passive diffractive
optical elemenis are arranged in a three-dimensional configuration, the plurality of optical
modulators comprise a two-dimensional array of optical modulators, and the photodetection

unit comprises a two-dimensional array of photodetectors.



25

30

WO 2019/236591 PCT/US2019/035403
189

[0725] Embodiment 50: The system of embodiment 48 in which the optical matrix
processing unit comprises a housing module to support and protect the array of input
waveguides, the optical interference unit, and the array of output waveguides, and

the optical processor comprises a recetving module configured to receive the
optical mairix processing unit, the receiving module comprising a first interface to enable the
optical matrix processing unit to receive the optical input vector from the plurality of optical
modulators, and a second interface to enable the optical matrix processing unit o transmut the

optical output vector to the photodetection unit.

[0726]  Embodiment 51: The system of embodiment 48 in which the plurality of output
electric signals comprise at least one of a plurality of voltage signals or a plurality of current

signals.

{07271 Embodiment 52: The system of embodiment 48, comprising;
a memory un;
a digital-to-analog converter (DAC) unit configured to generate the plurality of
modulator control signals;
an analog-to-digital conversion (ADC) unit coupled to the photodetection unit and
configured to convert the plurality of output electric signals into a plurality of digitized
outputs,;
a controller comprising integrated circuitry configured to perform operations
comprising;
receiving, from a computer, an artificial neural network computation request
comprising an input dataset, in which the input dataset comprises a first digital input vector,
storing, in the memory unit, the mput dataset; and

generating, through the DAC unit, a first plurality of modulator control signals

based on the first digital input vector,

{0728]  Embodiment 53 A method comprising;
3D printing an optical matrix processing unit comprising passive diffractive optical

elements, in which the passive diffractive optical elements are configured to transform an
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optical input vector or matrix to an optical output vector or matrix that represents a result of a
matrix processing applied to an optical mput vector or matrix and a predetermined vector

defined by the arrangement of the diffractive optical elements.

{07291  Embodiment 54: A method comprising

generating, using one or more laser beams, a hologram comprising passive diffractive
optical elements, in which the passive diffractive optical elements are configured to
transform an optical input vector or matrix to an optical output vector or matrix that
represents a result of a matrix processing applied to an optical input vector or matrix and a

predetermined vector defined by the arrangement of the diffractive optical elements.

[0730] Embodiment 55 A system comprising

an optical processor comprising passive diffractive optical elements arranged in a
one-dimensional manner, in which the passive diffractive optical elements are configured to
transform an optical input to an optical output that represents 4 result of a matrix processing
applied to the optical input and a predetermined vector defined by the arrangement of the

diffractive optical elements.

[0731] Embodiment 56: The system of embodiment 55 in which the matrix processing
comprises a matrix multiplication between the optical input and the predetermined vector

defined by the arrangement of the diffractive optical elements.

{0732] Embodiment 57: The system of embodiment 55 in which the optical processor
comprises an optical matrix processing unit that comprises:

an input waveguide to receive the optical input,

an opiical interference unit comprising the passive diffractive optical elements, in
which the optical interference unit is in optical communication with the input waveguide and
configured to perform a linear transformation of the optical input; and

an output waveguide, in optical communication with the optical interference unit, to

guide the optical output.
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[0733] Embodiment 58: The system of embodiment 57 in which the optical interference
unit comprises a substrate having at least one of holes or gratings, and the holes or grating

elements have dimensions in a range from 100 nm to0 10 um.

107341 Embodiment 59: A system, comprising;

a memory unit;

a digital-to-analog converter (DAC) unit configured to generate a plurality of
modulator conirol signals;

an optical processor comprising;

a laser unit configured to generate a plurality of light outputs;

a plurality of optical modulators coupled to the laser umit and the DAC unit,
the plurality of optical modulators being configured to generate an optical input vector by
modulating the plurality of light outputs generated by the laser unit based on the plurality of
modulator control signals;

an optical matrix processing unit coupled to the plurality of optical
modidators, the optical matrix processing unit comprising passive diffractive optical
elements that are configured to transform the optical input vector into an optical output
vector based on a plurality of weights defined by the passive diffractive optical elements; and

a photodetection unit coupled to the optical matrix processing unit and
configured to generate a plurality of output electric signals corresponding to the optical
output vector;

an analog-to-digital conversion (ADC) unit coupled to the photodetection unit and
configured to convert the phurality of output electric signals into a plurality of digitized
optical outputs;

a controiler comprising integrated circuitry configured to perform operations
comprising

receiving

o

from a computer, an artificial neural network computation request
comprising an input dataset, wherein the input dataset comprises a first digital input vector;
storing, in the memory unit, the iput dataset; and
generating, through the DAC unit, a first plurality of modulator control signals

hased on the first digital nput vector.
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[0735] Embodiment 60; The system of embodiment 39 in which the matrix processing
unit comprises passive diffractive optical elements that are configured to transform the
opiical input vector mto an optical output vector that represents a product of a matrix
multiplication between the digital mput vector and a predetermined vector defined by the

passive diffractive optical elements.

[0736] Ermbodiment 61: The system of embodiment 59, wherein the operations further
comprise:

obtaining, from the ADC unit, a first plurality of digitized optical outputs
corresponding to the optical output vector of the optical matrix processing unit, the first
plurality of digitized optical outputs forming a first digital output vector;

perfornming a nonlinear transformation on the first digital output vector to generate a
first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0737] Embodiment 62 The system of embodiment 61, wherein the system has a first
loop period defined as a time elapsed between the step of storing, in the memory unit, the
mput dataset, and the step of storing, in the memory unit, the first transformed digital output
vector, and

wherein the first loop period 1s less than or equal to 1 ns.

{0738] Embodiment 63: The system of embodiment 61, wherein the operations further
comprise:
outpuiting an artificial neural network gutput generated based on the first transformed

digiial output vector.

[0739] Embodiment 64: The system of embodiment 61, wherein the operations further
comprise;
generating, through the BAC unit, a second plurality of modulator control signals

hased on the first transformed digital output vector.
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{0740]  Embodiment 65 The system of embodiment 61, wherein the input dataset further
comprises a second digital input vector, and

wherein the operations further comprise:

generating, through the DAC unit, a second plurality of modulator control signals
based on the second digital input vector;

obtaining, from the ADC unit, a second plurahity of digitized optical outputs
corresponding to the optical output vector of the optical matrix processing unit, the second
plurality of digitized optical outputs forming a second digital output vector;

performing a nonlinear transformation on the second digital output vector to generate
a second transformed digital output vector;

storing, in the memory unit, the second transformed digital ocutput vector; and

outputting an artificial neural network output generated based on the first transformed
digital output vector and the second transformed digital output vector,

wherein the optical output vector of the optical matrix processing unit results froma
second optical input vector generated based on the second plurality of modulator control
signals that 13 transformed by the optical matrix processing unit based on the plurality of

weights defined by the passive diffractive optical elements.

[0741] Embodiment 66 The system of embodiment 59, further comprising:

an analog nonlinearity untt arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to receive the plurality of output electric
signals from the photodetection umit, apply a nonlinear transfer function, and output a
plurality of transformed output electric signals to the ADC unit,

wherein the operations further comprise:

obtaining, from the ADC unit, a first plurality of transformed digitized output electric
signals corresponding to the plurality of transformed output electric signals, the first plurality
of transformed digitized output electric signals forming a first transformed digital output
vector: and

storing, in the memory unit, the first transformed digital output vector,
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107421 Embodiment 67; The system of embodiment 59, wherein the integrated circuitry
of the controller is configured to generate the first plurality of modulator control signals at a

rate greater than or equal to 8 GHz,

[0743] Embodiment 68 The system of embodiment 59, further comprising:

an analog memory unit arranged between the DAC unit and the plurality of optical
modulators, the analog memory unit being configured to store analog voltages and to ocutput
the stored analog voltages; and

an analog nonlinearity unit arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to receive the plurality of output electric
signals from the photodetection unit, apply a nonlinear transfer function, and output a

plurality of transformed output electric signals.

[0744] Embodiment 69: The system of embodiment 68, wherein the analog memory unit

comprises a plurality of capacitors.

[0745] Embodiment 70 The system of embodiment 68, wherein the analog memory unit
is configured to receive and store the plurality of transformed output slectric signals of the
analog nonlingarity unit, and to output the stored plurality of transformed output electric
signals to the plurality of optical modulators, and
wherein the operations further comprise:

based on generating the first plurabity of modulator control signals, storing, in
the analog memory unit, the plorality of ransformed output electric signals of the analog
nonhinearity unit;

outputting, through the analog memory unit, the stored transformed output
electric signals;

obtaining, from the ADC unit, a second plurality of transformed digitized
output electric signals, the second plurality of transformed digitized output electric signals
forming a second transformed digital output vector; and

storing, in the memory unit, the second transformed digital output vector.
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[0746] Embodiment 71 The system of embodiment 59, wherein the input dataset of the
artificial neural network computation request comprises a plurality of digital input vectors,
wherein the laser unit is configured to generate a plurality of wavelengths,
wherein the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
enerating a respective optical input vector having a respective wavelength; and
an optical multiplexer configured to combine the plurality of optical input
vectors into a combined optical input vector comprising the plurality of wavelengths,
wherein the photodetection unit is further configured to demultiplex the plurality of
wavelengths and to generate a plurality of demultiplexed output electric signals, and
wherein the operations comprise:
obtaining, from the ADC uni, a plurality of digitized demultiplexed optical
outputs, the plurality of digitized demultiplexed optical cutputs forming a plurality of first
digital cutput vectors, wherein each of the plurality of first digital output vectors corresponds
1o one of the plurality of wavelengths;
performing a nonlinear transformation on each of the plurality of first digutal
output vectors to generate a plorality of transformed first digital cutput vectors; and
storing, in the memory unit, the phurality of transformed first digital output
vectors,
wherein each of the plurality of digital input vectors corresponds to one of the

plurality of optical input vectors.

{07471 Embodiment 72: The system of embodiment 59, wherein the artificial neural
network computation request comprises a plurality of digital input vectors,
wherein the laser unit is configured to generate a plurality of wavelengths,
wherein the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and

generating a respective optical input vector having a respective wavelength; and



25

30

WO 2019/236591 PCT/US2019/035403
196

an optical multiplexer configured to combine the plurality of optical input

vectors into a combined optical input vector comprising the plurality of wavelengths, and
wherein the operations comprise:

obtaining, from the ADC unit, a first plurality of digitized optical outputs
corresponding to the opiical output vector comprising the plurality of wavelengths, the first
plurality of digitized optical outputs forming a first digital output vector;

performing a nonlinear transformation on the first digital output vector to
generate a first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0748] Embodiment 73: The system of embodiment 59, wherein the DAC unit
comprises:;
a 1-bit BAC unit configured to generate a plurality of 1-bit modulator control signals,
wherein a resolution of the ADC unitis 1 bit,
wherein a resolution of the first digital mput vector 1s N bits, and
wherein the operations comprise:
decomposing the first digital mnput vector into N 1-bit input vectors, each of the N
I-bit input vectors corresponding to one of the N bits of the first digital mput vector;
generating, through the 1-bit DAC unit, a sequence of N 1-bit modulator control
signals corresponding to the N 1-bit input vectors;
obtaining, from the ADC unit, a sequence of N digitized 1-bit optical outputs
corresponding to the sequence of the N 1-bit modulator control signals;
constructing an N-bit digital output vector from the sequence of the N digitized 1-
bit optical outputs;
performing a nonlinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory umt, the transformed N-bit digital output vector.

[0749] Embodiment 74; The system of embodiment 59, wherein the memory unit
comprises a digital input vector memory configured to store the digital input vector and

comprising at least one SRAM.
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[0750] Embodiment 75; The system of embodiment 39, wherein the laser unit comprises:
a laser source configured to generate light; and
an optical power splitter configured to split the light generated by the laser source into
the plurality of light outputs, wherein each of the plurality of light outpuis have substantially

equal powers.

[0751] Embodiment 76; The system of embodiment 59, wherein the plurality of optical
modulators comprises one of MZI modulators, ring resonator modulators, or electro-

absorption modulators.

[0752] Ermbodiment 77: The system of embodiment 59, wherein the photodetection unit
comprise:

a plorality of photodetectors; and

a plurality of amplifiers configured to convert photocurrents generated by the

photodetectors mito the plurality of output electric signals.

[0753] Embodiment 78 The system of embodiment 59, wherein the integrated circuitry

comprises an application specific integrated circunt.

[0754] Embodiment 79: The system of embodiment 59, wherein the optical matrix
processing unit comprises:

an array of input waveguides to receive the optical input vector;

an optical interference unit, in optical communication with the array of input
waveguides, to perform a linear transformation of the optical input vector into 3 second array
of optical signals, wherein the optical interference unit comprises the passive diffractive
optical elements; and

an array of output waveguides, in optical communication with the optical interference
unit, to guide the second array of optical signals, wherein at least one input waveguide in the
array of input waveguides 1s in optical communication with each output waveguide in the

array of output waveguides via the optical interference umt.
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[0755] Embodiment 80: A system, comprising;
a memory unit;
a driver unit configured to generate a plurality of modulator control signals;
an opitcal processor comprising:

a laser umt configured to generate a plurality of light outputs;

a plurality of optical modulators coupled to the laser unit and the driver unit,
the plurality of optical modulators being configured to generate an optical input vector by
modulating the plurality of light outputs generated by the laser unit based on the plurality of
modulator control signals;

an optical matrix processing unit coupled to the plurality of optical modulators
and the driver unit, the optical matrix processing unit comprising passive diffractive optical
elements configured to transform the optical input vector into an optical output vector based
on a plurabity of weight control signals defined by the passive diffractive optical elements;
and

a photodetection unit coupled to the optical matrix processing unit and
configured to generate a plurality of output electric signals corresponding to the optical
output vector,

a comparator unit coupled to the photodetection unit and configured to convert the
plurality of cutput electric signals mnto a plurality of digitized 1-bit optical ouiputs; and

a controller comprising integrated circwitry configured to perform operations
comprising;

receiving, from a computer, an artificial neural network computation request
comprising an input dataset, wherein the input dataset comprises a first digital input vector
having a resolution of N bits;

storing, in the memory unit, the input dataset;

decomposing the first digital input vector into N 1-bit input vectors, each of
the N 1-bit input vectors corresponding to one of the N bits of the first digital input vector;

generating, through the driver unit, a sequence of N 1-bit modulator control

signals corresponding to the N 1-bit input vectors;
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obtaining, from the comparator unit, a sequence of N digitized 1-bit optical
outputs corresponding to the sequence of the N 1-bit modulator control signals;

constructing an N-hit digital output vector from the sequence of the N
digitized 1-bit optical outputs;

performing a nonlinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-bit digital output vector.

[0756] Embodiment 81: The system of embodument 80 in which the optical matrix
processing unit comprises an optical matrix multiphication unit configured to transform the
optical input vector into an optical output vector that represents a product of a matrix
multiplication between an input vector represented by the optical input vector and a

predetermined vector defined by the diffractive optical elements.

[0757] Embodiment 82: A method for performing artificial neural network computations
m a system having an optical matrix processing unit, the method comprising:

receiving, from a computer, an artificial neural network computation request
comprising an input dataset comprising a first digital input vector;

storing, in a memory unit, the mput dataset;

generating, through a digital-to-analog converter (DAC) unit, a first plurality of
modulator control signals based on the first digital input vector;

transforming, by using the optical matrix processing unit comprising an arrangement
of diffractive optical elements, an optical input vector into an optical sutput vector, in which
the optical output vecior represents a result of a matrix processing applied to the optical input
vector and a predetermined vector defined by the arrangement of the diffractive optical
elements;

obtaining, from an analog-to-digital conversion {ADC) unit, a first plurality of
digitized optical outputs corresponding to the optical sutput vector of the optical matrix
processing unit, the first plurality of digitized optical outputs forming a first digital ouiput

vector,;
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performing, by a controller, a nonlinear transformation on the first digital output
vector to generate a first transformed digital output vector;

storing, in the memory unit, the first transformed digital output vector; and

outputting, by the controller, an artificial neural network output generated based on

the first transformed digital output vector.

[0758] Embodiment 83 The method of erabodiment 82 1n which transforming the optical
mput vector into the optical output vector comprises transforming the optical input vector
mnto an optical output vector that represents a product of a matrix multiplication between the
digital input vector and the predetermined vector defined by the arrangement of diffractive

optical elements.

[0759] Embodiment 84: A method comprising:

providing input information n an electronic format,

converting at least a part of the electronic input information into an optical input
vector,

optically transforming the optical input vector into an optical output vector based on
an optical matrix processing by an optical processor comprising passive diffractive optical
elements;

converting the optical output vector into an electronic format; and

electronically applying a non-linear transformation to the electronically converted

optical output vector to provide output information in an electronic format,

[0760] Embodiment 85 The method of embodiment 84 in which optically transforming
the optical input vector into an optical output vector comprises optically transforming the
optical input vector into an optical output vector based on an optical matrix multiphication
between a digital input vector represented by the optical input vector and a predetermined

vector defined by the passive diffractive optical elements.

107611 Embodiment 86 The method of embodiment 84, further comprising:
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repeating the electronic-to-optical converting, the optical transforming, the optical-to-
electronic converting, and the electronically applied non-linear transforming with respect to
new electronic mput information corresponding to the provided output information in

electronic format.

[0762] Embodment 87: The method of embodiment 86, wherein the optical matrix
processing for the nitial optical transforming and the optical matrix processing of the
repeated optical transforming are the same and correspond to the same layer of an artificial

neural network.

[0763] Embodiment 88: The method of erabodiment 84, further comprising:

repeating the electronic-to-optical converting, the optical transforming, the optical-to-
electronic converting, and the electronically applied non-linear transforming with respect to a
different part of the electronic input information,

wherein the optical matrix processing for the mutial optical transforming and the
optical matrix processing of the repeated optical transforming are the same and correspond to

a layer of an artificial neural network.

[0764] Embodiment 89: A system comprising;
an optical matrix processing unit configured to process an mput vector of fength N, i
which the optical matrix processing unit comprises N+2 layvers of directional couplers and N

layers of phase shifters, and & is a positive integer.

[0765] Embodiment 90: The system of embodiment 89 in which the optical matrix

processing unit comprises no more than N+2 layers of directional couplers.

[0766] Embodiment 91 The system of embodiment 89 in which the optical matrix

processing unit comprises an optical matrix multiplication unit.

107671 Embodiment 92 The system of embodiment 89 in which the optical matrix

processing unit comprises:
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a substrate, and
interconnected interferometers disposed on the substrate, in which each
mterferometer comprises optical waveguides disposed on the substrate, and the directional

couplers and the phase shifters are part of the interconnected interferometers.

[0768] Embodiment 93: The system of embodiment 89 in which the optical matrix
processing unit comprises a laver of attenuators following the last laver of directional

couplers,

[0769] Ermbodiment 94: The system of embodiment 93 1n which the layer of attenuators

comprises N attenuators.

[0770] Embodiment 95 The system of embodiment 93, comprising one or more

homodyne detectors to detect outputs from the attenuators.

{0771] Embodiment 96 The system of embodiment 89 in which N =3, and the optical
Matrix processing ut comprises:

mput terminals configured to receive the input vector,

a first layer of directional couplers coupled to the input termmnalg;

a first layer of phase shifters coupled to the first layer of directional couplers;

a second layer of directional couplers coupled to the first layer of phase shifters;

a second layer of phase shifters coupled o the second layer of directional couplers;

a third laver of directional couplers coupled to the second layer of phase shifters;

a third layer of phase shifters coupled to the third layer of directional couplers;

a fourth layer of directional couplers coupled to the third layer of phase shifters; and

a fifth laver of directional couplers coupled to the fourth layer of directional couplers.

[0772] Embodiment 97: The system of embodiment 89 in which NV = 4, and the optical
matrix processing unitf COMprises:

mput terminals configured to receive the input vecior;
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a first layer, a second layer, a third laver, and a fourth layer of directional couplers
each followed by a layer of phase shifters, in which the first layer of directional couplers is
coupled to the mput terminals;

a second-to-last layer of directional couplers coupled to the fourth layer of phase
shifters; and

a final layer of directional couplers coupled to the second-to-last layer of directional

couplers.

[0773] Embodiment 98: The system of embodiment 89 in which N =8, and the optical
matrix processing unit comprises:

mput terminals configured to receive the input vector;

eight layers of directional couplers each followed by a layer of phase shifters, in
which the first layer of directional couplers 1s coupled to the input terminals;

a second-to-last layer of directional couplers coupled to the eighth layer of phase
shifters; and

a final layer of directional couplers coupled to the second-to-last layer of directional

couplers.

[0774] Embodiment 99: The system of embodiment 89 in which the optical matrix
multiplier unit comprises:

mput terminals configured to receive the input vector,

N layers of directional couplers each followed by a layer of phase shifters, in which
the first layer of directional couplers 1s coupled to the input terminals;

a second-to-last layer of directional couplers coupled to the N-th layer of phase
shifters; and

a final layer of directional couplers coupled to the second-to-last layer of directional

couplers.

[0775] Embodiment 100: The system of embodiment 99 in which N is an even number.
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107761 Embodiment 101: The system of embodiment 100 in which each of the i-th layer
of directional couplers includes N/ 2 directional couplers, in which 7 is an odd number, and
each of the j-th laver of directional couplers includes N/ 2 - 1 directional couplers, in

which j is an even number.

(0777} Embodiment 102: The system of embodiment 100 in which for each of the i-th
layer of directional couplers for which 7 15 an odd number, the k-th directional coupler is
coupled to the (24-1)-th and 2&-th output of the previous laver, and % is an integer from 1 to

N/2.

[0778] Embodiment 103: The system of embodiment 100 in which for each of the j-th
layer of directional couplers in which j is an even number, the m-th directional coupler is
coupled to the (2m)-th and (2m+1)-th output of the previous layer, and 13 an integer from |

to N/2-1.

[0779] Embodiment 104: The system of embodiment 100 in which each of the i-th layer
of phase shifters includes N phase shifters for which 7 1s an odd number, and
each of the j-th layer of phase shifters inchudes NV - 2 phase shifters for which f 15 an

even nurmber,

{07801 Embodiment 105: The system of embodiment 99 in which & is an odd number.

{0781} Embodiment 106: The system of embodiment 105 in which each laver of

directional couplers includes (N — 1}/ 2 directional couplers.

[0782] Embodiment 107: The system of embodiment 105 in which each layer of phase

shifters includes N — 1 phase shifters.

[0783] Embodiment 108: A system comprising:
a generator configured to generate a first dataset, in which the generator comprises an

optical matrix processing unit; and
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a discriminator configured to receive a second dataset comprising data from the first
dataset and data from a third dataset, the data in the first dataset having characteristics similar
to those of the data in the third dataset, and classify data in the second dataset as data from

the firsi dataset or data from the third dataset.

[0734] Embodiment 109: The system of embodiment 108 in which the optical matrix
processing unit comprises at least one of (1) the optical matrix multiplication umt of any of
embodiments 1 to 25, (11) the passive diffractive optical elements of any of embodiments 32

t0 52, 55 t0 81, or (111} the optical matrix processing unit of any of emnbodiments 89 to 107

[0785] Embodiment 110: The system of embodiment 108 in which the third dataset
comprises real data, the geverator 15 configured to generate synthesized data that resemble
the real data, and the discriminator 15 configured to classify data as real data or synthesized

data.

[0786] Embodiment 111: The system of embodiment 108 in which the generator is
configured to generate datasets for training at least one of autonomous vehicles, medical
diagnosis systems, fraud detection systems, weather prediction systems, financial forecast
systems, facial recognition systems, speech recognition systems, or product defect detection

systems,

{0787} Embodiment 112: The system of embodiment 108 in which the generator is
configured to generate images resembling images of at least one of real objects or real
scenes, and the discriminator is configured to classify a received image as (i) an image of a

real object or real scene, or {11} a synthesized image generated by the generator.

[0788] Embodiment 113: The system of embodiment 112 in which the real objects
comprise at least one of people, animals, cells, tissues, or products, and the real scenes

comprise scenes encountered by vehicles.
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107891 Embodiment 114: The system of embodiment 113 in which the discrinunator is
configured to classify whether a received image is (1) an image of real people, real animals,
real cells, real tissues, real products, or real scenes encountered by vehicles, or (u) a

synthesized image generated by the generator.

[0790] Embodiment 115: The system of embodiment 113 in which the vehicles comprise
at least one of motoreycles, cars, trucks, trains, helicopters, airplanes, submarines, ships, or

drones.

[0791] Ermbodiment 116 The system of embodiment 113 in which the generator is
configured to generate images of tissues or cells associated with at least one of diseases of

hurmans, diseases of anmimals, or diseases of plants.

[6792] Embodiment 117: The system of embodiment 116 1 which the generator is
configured to generate images of tissues or cells associated with diseases of humans, and the
diseases comprise at least one of cancer, Parkinson’s disease, sickle cell anemia, heart

disease, cardiovascular disease, diabetes, chest disease, or skin disease.

[0793] Embodiment 118: The system of embodiment 116 in which the generator 18
configured to generate images of tissues or cells associated with cancer, and the cancer
comprises at least one of skin cancer, breast cancer, lung cancer, hiver cancer, prostate

cancer, or brain cancer.

[0794] Embodiment 119: The system of embodiment 108, further comprising a random
noise generator configured to generate random noise that 15 provided as mput to the
generator, and the generator is configured to generate the first dataset based on the random

noise.

[0795] Embodiment 120: A system comprising:

a random noise generator configured to generate random noise; and
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a generator configured to generate data based on the random noise, in which the

generator comprises an optical matrix processing unit,

[0796] Embodiment 121: The system of embodiment 120 1in which the optical matrix
processing unit comprises at least one of (1) the optical matrix multiplication unit of any of
embodiments 1 to 25, (11) the passive diffractive optical elements of any of embodiments 33
10 52, and 55 to 81, or (111} the optical matrix processing unit of any of embodiments 89 to

107.

[0797] Ermbodiment 122 A system comprising;
a photonic circuit configured to perform a logic function on two input signals, the
photonic circuit comprising:

a first directional coupler having two input terminals and two output
terminals, the two input terminals configured to receive the two input signals,

a first pair of phase shifters configured to modify phases of the signals at the
two output terminals of the first directional coupler,

a second directional coupler having two imnput termmnals and two output
terminals, the two imput termnals configured 1o receive signals from the first pair of phase
shifters, and

a second pair of phase shifters configured to modify phases of the signals at

the two output terminals of the second directional coupler.

{0798] Embodiment 123: The system of embodiment 122 in which the phase shifters are
configured to cause the photonic circuit to implement a rotation:

1 <1 u--:l‘}__ cosm/4 ~—sinm/4

Mmﬁl 1 sinn/4 cosm/4

[0799] Embodiment 124: The system of embodiment 122 in which when input signals x1
and x2 are provided to the two input terminals of the first directional coupler, the phase

shifters are configured to cause the photonic circuit to implement an operation:
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{0800] Embodiment 125: The system of embodiment 124 in which the photonic circuit
comprises first photodetectors configured to generate absolute values of the signals from the

second pair of phase shifters to cause the photonic circuit to implement an operation:

1
=% %2
N B V2
INE (xz) I{

1
ﬁlxrn_“ﬂ”xﬂ

{0801 Embodiment 126: The system of embodiment 125 mn which the photonic circuit
comprises comparators configured to compare the output signals of the first photodetectors
with threshold values to generate binary values to cause the photonic circuit to generate

outputs:

XOR(xq, %5}
OR (x4, %3)

{0802] Embodiment 127: The system of embodiment 125 in which the photonic circuit
comprises a feedback mechanism configured such that output signals of the photodetectors
are fed back to the input terminals of the first directional coupler and passed through the first
directional coupler, the first pair of phase shifters, the second directional coupler, and the
second pair of phase shifters, and detected by the photodetectors to cause the photonic circuit
to implement an operation:

Mo M-

X2

>

which produces outputs AND(x1, x2) and OR(x1, x2).
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{08031 Embodiment 128: The system of embodiment 125 in which the photonic circuit
comprises:
a third directional coupler having two mput ternunals and two output terminals, the
two mnput terminals configured to receive the signals from the second pair of phase shifters,
a third pair of phase shifters configured to modify phases of the signals at the two
output terminals of the third directional coupler,
a fourth directional coupler having two input terminals and two output terminals, the
two input terminals configured to receive signals from the third pair of phase shifters,
a fourth pair of phase shifters configured to modify phases of the signals at the two
output terminals of the fourth directional coupler, and
second photodetectors configured to generate absolute values of signals from the
fourth pair of phase shifters to cause the photonic circuit to implement an operation:
M- M-
X2

>

which produces outputs AND(x1, x2} and OR({x1, x2}.

[0804] Embodiment 129: The system of embodiment 122, comprising a Bitonic sorter
configured such that a serting function of the Bitonic sorter 1s performed using the photonic

circuit.

{0805] Embodiment 130; The system of embodiment 122, comprising a device

configured to perform a hashing function using the photonic circuit.
[0806] Embodiment 131: The system of embodiment 130 in which the hashing function
comprises secure hash algorithm 2 (SHA-2).

{08071 Embodiment 132: An apparatus comprising;

a plurality of optical waveguides, wherein a set of multiple input values are encoded

on respective optical signals carried by the optical waveguides;
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a plurality of copying modules, and for each of at least two subsets of one or more
optical signals, a corresponding set of one or more of the copying modules 15
configured to split the subset of one or more optical signals into two or more

copies of the optical signals;

a plurality of multiplication modules, and for each of at least two copies of a first
subset of one or more optical signals, a corresponding multiplication module
configured to multiply the one or more optical signals of the first subset by
one or more matrix element values using optical amplhitude modulation, where
at least one of the multiplication modules includes an optical amplitude
modulator including an input port and two output ports, and a pair of related
optical signals 1s provided from the two output ports such that a difference
between amplitudes of the related optical signals corresponds to a result of

multiplying an input value by a signed matrix element value; and

one or more summation modules, and for results of two or more of the multiplication
modules, a corresponding one of the summation modules 15 configured to
produce an electrical signal that represents a sum of the results of the two or

more of the multiplication modules.

[0808] Embodiment 133: The apparatus of embodiment 132, wherein the input values in
the set of multiple input values encoded on the respective optical signals represent elements
of an input vector that 1s being multiphied by a matrix that includes the one or more matrix

element values.

[0809] Embodiment 134; The apparatus of embodiment 132 or 133, wherein a set of
multiple output values are encoded on respective electrical signals produced by the one or
more summation modules, and the output values m the set of multiple output values represent

elements of an output vector that results from the input vector being multiplied by the matrix.



25

30

WO 2019/236591 PCT/US2019/035403
211

{08101 Embodiment 135: The apparatus of any of embodiments 132 to 134, wherein each
of the optical signals carried by an optical waveguide comprises an optical wave having a

common wavelength that 1s substantially identical for all of the optical signals.

[0811] Embodiment 136; The apparatus of any of embodiments 132 1o 135, wherein the
copving modules mclude at least one copying module comprising an optical splitter that
sends a predetermined fraction of the power of an optical wave at an input port to a first
output port, and sends the remaining fraction of the power of the optical wave at the input
port to a second output port.

[0812] Embodiment 137: The apparatus of embodiment 136, wherein the optical splitter
comprises a waveguide optical splitter that sends a predetermined fraction of the power of an
optical wave guided by an wnput optical waveguide to a first output optical waveguide, and
sends the remaimng fraction of the power of the optical wave guided by the mput optical

waveguide to a second output optical waveguide.

[0813] Embodiment 138:; The apparatus of embodiment 137, wherem a guided mode of
the mput optical wavegwde 1s adiabatically coupled to guided modes of each of the first and

second output optical waveguides.

[0814] Embodiment 139: The apparatus of any of embodiments 136 to 138, wherein the
optical splitter comprises a beam splitter that includes at least one surface that transmits the
predetermined fraction of the power of the optical wave at the input port and reflects the

remaining fraction of the power of the optical wave at the input port.

[0815] Embodiment 140: The apparatus of embodiment 139, wherein at least one of the
plurality of optical waveguides comprises an optical fiber that is coupled to an optical
coupler that couples a guided mode of the optical fiber to a free-space propagation mode.
[0816] Embodiment 141: The apparatus of any of embodiments 132 to 140, wherein the
multiphication modules include at least one coherence-sensitive multiphication module

configured to multiply the one or more optical signals of the first subset by one or more
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matrix element values using optical amplitude modulation based on interference between
optical waves that have a coherence length at least as long as a propagation distance through

the coherence-sensitive multiplication module.

{08171 Embodiment 142: The apparatus of embodiment 141, wherein the coherence-
sensitive multiphication module comprises a Mach-Zehnder Interferometer (MZT) that splits
an optical wave guided by an input optical waveguide into a first optical waveguide arm of
the M¥1 and a second optical waveguide arm of the M, the first optical waveguide arm
mcludes a phase shifter that imparts a relative phase shaft with respect to a phase delay of the
second optical waveguide arm, and the MZI combines optical waves from the first optical
waveguide arm and the second optical waveguide arm into at least one output optical

waveguide.

[0818] Embodiment 143: The apparatus of embodiment 142, wherein the MZI combines
optical waves from the furst optical waveguide arm and the second optical waveguide arm
mto each of a first output optical waveguide and a second ocutput optical waveguide, a first
photodetector receives an optical wave from the first output optical waveguide to generate a
first photocurrent, a second photodetector receives an optical wave from the second output
optical waveguide to generate a second photocurrent, and a result of the coherence-sensitive
multiplication module comprises a difference between the first photocurrent and the second

photocurrent.

[0819] Embodiment 144: The apparatus of any of embodiments 141 to 143, wherein the
coherence-sensitive multiplication module comprises one or more ring resonators, including
at least one ring resonator coupled to a first optical waveguide and at least one ring resonator

coupled to a second optical waveguide.

{08201 Embodiment 145: The apparatus of embodiment 144, wherein a first
photodetector receives an optical wave from the first optical waveguide to generate a first
photocurrent, a second photodetector receives an optical wave from the second optical

waveguide to generate a second photocurrent, and a result of the coherence-sensitive
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multiplication module comprises a difference between the first photocurrent and the second

photocurrent.

[0821] Embodiment 146: The apparatus of any of embodiments 132 to 145, wherein the
multiplication modules include at least one coherence-insensitive multiplication module
configured to multiply the one or more optical signals of the first subset by one or more
matrix element values using optical araphitude modulation based on absorption of energy

within an optical wave.

[0822] Ermbodiment 147 The apparatus of embodiment 146, wherein the coherence-

msensitive multiplication module comprises an electro-absorption modulator,

[0823] Embodiment 148: The apparatus of any of embodiments 132 to 147, wherein the
one or more summation moduoles include at least one sumunation module comprising: (1) two
or more mput conductors that each carries an electrical signal in the form of an input current
whose amplitude represents a respective result of a respective one of the multiplication
modules, and {2) at least one output conductor that carries the electrical signal that represents
the sum of the respective results mn the form of an output current that 1s proportional to the

sum of the input currents.

[0824] Embodiment 149: The apparatus of embodiment 148, wherein the two or more
mput conductors and the output conductor comprise wires that meet at one or more junctions
among the wires, and the output current 1s substantially equal to the sum of the input

currents.

[0825] Embodiment 150: The apparatus of embodiment 148 or 149, wherein at leasta
first input current of the input currents is provided in the form of at least one photocurrent
generated by at least one photodetector that receives an optical signal generated by a first

multiplication module of the multiplication modules.

[0826] Embodiment 151 The apparatus of embodiment 150, wherein the first input
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current 1s provided in the form of a difference between two photocurrenis generated by
different respective photodetectors that receive different respective optical signals both

generated by the first multiplication module.

[0827] Embodiment 152: The apparatus of any of embodiments 132 to 151, wherein one
of the copies of the first subset of one or more optical signals consists of a single optical

signal on which one of the input values is encoded.

[08285] Embodiment 153: The apparatus of embodiment 152, wherein the multiplication
module corresponding to the copy of the first subset multiplies the encoded input value by a

single matrix element value.

[0829] Embodiment 154: The apparatus of any of embodiments 132 to 153, wherein one
of the copies of the first subset of one or more optical signals includes more than one of the
optical signals, and fewer than all of the optical signals, on which multiple input values are

encoded.

{0830} Embodiment 155; The apparatus of embodiment 154, wherein the multiplication
module corresponding to the copy of the first subset multiplies the encoded input values by

different respective matrix element values,

[0831] Embodiment 156: The apparatus of embodiment 155, wherein different
multiplication modules corresponding to different respeciive copies of the first subset of one
or more optical signals are contained by different devices that are in optical communication
to transmit one of the copies of the first subset of one or more optical signais between the
different devices.

[0832] Embodiment 157 The apparatus of any of embodiments 132 to 156, wherein two
or more of the plurality of optical waveguides, two or more of the pharality of copying
modules, two or more of the plurality of multiplication modules, and at least one of the one

or more summation modules are arranged on a substrate of a common device.
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{08331 Embodiment 158: The apparatus of embodiment 157, wherein the device
performs vector-mairix multiplication, wherein an input vecior is provided as a set of optical

signals, and an output vector is provided as a set of electrical signals.

[0834] Embodiment 159: The apparatus of any of embodiments 132 to 138, further
comprising an accumulator that integrates an input electrical signal corresponding to an
output of a multiplication module or a summation module, wherein the input elecirical signal
is encoded using a time domain encoding that uses on-off amplitude modulation within each
of multiple time slots, and the accumulator produces an output electrical signal that 1s
encoded with more than two amphitude levels corresponding to different duty cycles of the

time domain encoding over the multiple time slots.

[0835] Embodiment 160: The apparatus of any of embodiments 132 to 159, wherein the
two or more of the multiplication modules each correspond to a different subset of one or

more optical signals,

[0836] Embodiment 161 The apparatus of any of embodiments 132 to 160, further
comprising, for each copy of a second subset of one or more optical signals, different from
the optical signals 0 the first subset of one or more optical signals, a multiplication module
configured to muliiply the one or more optical signals of the second subset by one or more

matrix element values using optical amplitude modulation.

[0837] Embodiment 162: A method comprising:
encoding a set of multiple input values on respective optical signals;
for each of at least two subsets of one or more optical signals, using a corresponding
set of one or more copying modules 1o split the subset of one or more optical
signals into two or more copies of the optical signals;
for each of at least two copies of a first subset of one or more optical signals, using a
corresponding multiplication module to multiply the one or more optical

signals of the first subset by one or more matrix element values using optical
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amplitude modulation, where at least one of the multiplication modules
ncludes an optical amplitude modulator including an mput port and two
output ports, and a pawr of related optical signals s provided from the two
output ports such that a difference between amplitudes of the related optical
signals corresponds to a result of multiplying an input value by a signed

matrix element value; and

for results of two or more of the multiplication modules, using a summation module
configured to produce an electrical signal that represents a sum of the resuits

of the two or more of the multiphication modules.

[0838] Embodiment 163; A method comprising:

encoding a set of input values representing elements of an input vector on respective

optical signals;

encoding a set of coefficients representing elements of a matrix as amplitude
modulation levels of a set of optical amplitude modulators coupled to the
optical signals, where at least one of the optical amplitude modulators
including an nput port and two output ports provides a pair of related optical
signals from the two output ports such that a difference between amplitudes of
the related optical signals corresponds to a result of multiplying an mput value

by a signed matrix element value; and

encoding a set of output values representing elements of an output vector on
respective electrical signals, where at least one of the electrical signals is in
the form of a current whose amplitude corresponds to a sum of respective
elements of the mput vector multiplied by respective elements of a row of the

mairix.

{0839] Embodiment 164: The method of embodiment 163, wherein at least one of the
optical signals 15 provided by a first optical waveguide, and the first optical waveguide is
coupled to an optical sphitter that sends a predetermined fraction of the power of an optical

wave guided by the first optical waveguide 1o a second output optical waveguide, and sends
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the remaining fraction of the power of the optical wave ginded by the first optical waveguide

1o a third optical waveguide.

[0840] Embodiment 165: An apparatus comprising;

a plurality of optical waveguides encoding a set of mput values representing elements
of an input vector on respective optical signals carried by the optical

waveguides;

a set of optical amplitude modulators coupled to the optical signals encoding a set of
coefficients representing elements of a matrix as amplitude modulation levels,
where at least one of the optical amplitude modulators including an input port
and two output ports provides a pair of related optical signals from the two
output ports such that a difference between amplitudes of the related optical
signals corresponds to a result of multiplying an input value by a signed

matrix elerent value; and

a plurality of suramation modules encoding a set of output values representing
elements of an output vector on respective electrical signals, where at least
one of the electrical signals is in the form of a current whose amplhitude
corresponds to a sum of respective elements of the input vector multiplied by

respective elements of a row of the matrix.

[0841] Embodiment 166; A method for multiplying an input vector by a given matrix
Comprising;
encoding a set of input values representing elements the input vector on respective
optical signals of a set of optical signals;
coupling a first set of one or more devices to a first set of one or more waveguides
providing a first subset of the set of optical signals, and generating a result of
a first submatrix of the given matrix multiphed by values encoded on the first

subset of the set of optical signals;

coupling a second set of one or more devices to a second set of one or more
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waveguides providing a second subset of the set of optical signals, and
generating a result of a second submatrix of the given matrix multiplied by

values encoded on the second subset of the set of optical signals;

coupling a third set of one or more devices to a third set of one or more waveguides
providing a copy of the first subset of the set of optical signals generated by a
first optical splitter, and generating a result of a third submairix of the given
matrix multiplied by values encoded on the first subset of the set of optical
signals; and

coupling a fourth set of one or more devices to a fourth set of one or more
waveguides providing a copy of the second subset of the set of optical signals
generated by a second optical sphiter, and generating a result of a fourth
submatrix of the given matrix multiplied by values encoded on the second

subset of the set of optical signals;

wherein the first, second, third, and fourth submatrices concatenated together form

the given matrix; and

wherein at least one output value representing an element of an output vector
corresponding to the input vector multiplied by the given matrix is encoded on
electrical signals generated by a device in communication with the first set of
one or more devices and the second set of one or more devices.
[0842] Ermbodiment 167: The method of embodiment 166, wherein each pair of sets of
the first set of one or more devices, the second set of one or more devices, the third set of one

or more devices, and the fourth set of one or more devices are mutually exclusive.

[0843] Embodiment 168: An apparatus, the apparatus comprising:

a first set of one or more devices configured to receive a first set of optical signals,
and to generate a result of a first matrix multiphied by values encoded on the
first set of optical signalg;

a second set of one or more devices configured 1o receive a second set of optical

signals, and to generate a result of a second matrix multiphed by values



10

15

25

WO 2019/236591 PCT/US2019/035403
219

encoded on the second set of optical signals;

a third set of one or more devices configured to receive a third set of optical signals,
and to generate a result of a third matrix multiplied by values encoded on the

third set of optical signals;

a fourth set of one or more devices configured to receive a fourth set of optical
signals, and to generate a result of a fourth matrix multiphed by values

encoded on the fourth set of optical signals; and

configurable connection pathways between two or more of the first set of one or more
devices, the second set of one or more devices, the third set of one or more

devices, or the fourth set of one or more devices,

wherein a first configuration of the configurable connection pathways is configured
to: (1) provide a copy of the first set of optical signals as at least one of the
second set of optical signals, the third set of optical signals, or the fourth set of
optical signals, and (2) provide one or more signals from the first set of one or
more device and one or more signals from the second set of one or more
devices 1o a surnmation module configured to produce an elecirical signal that
represents a sum of values encoded on signals received by the summation

maodule.

[0844] Embodiment 169: An apparatus comprising;

a first set of one or more devices configured to receive a first set of optical signals,
and to generate a result based on optical amplitude modulation of one or more

of the optical signals of the first set of optical signals;

a second set of one or more devices configured to receive a second set of optical
signals, and to generate a result based on optical amplitude modulation of one

or more of the optical signals of the second set of optical signals;
a third set of one or more devices configured to recetve a third set of optical signals,
and to generate a result based on optical amplitude modulation of one or more

of the optical signals of the third set of optical signals;
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a fourth set of one or more devices configured to receive a fourth set of optical
signals, and to generate a result based on optical amplitude modulation of one

or more of the optical signals of the fourth set of optical signals; and

configurable connection pathways between two or more of the first set of one or more
devices, the second set of one or more devices, the third set of one or more

devices, or the fourth set of one or more devices,

wherein a first configuration of the configurable connection pathwavs is configured
to: (1) provide a copy of the first set of optical signals as the third set of
opiical signals, or (2) provide one or more signals from the first set of one or
more device and one or more signals from the second set of one or more
devices to a summation module configured to produce an electrical signal that
represents a sum of values encoded on signals received by the summation

module.

[0845] Embodiment 170: The apparatus of embodiment 169, wherein each pair of sets of
the first set of one or more devices, the second set of one or more devices, the third set of one

or more devices, and the fourth set of one or more devices are mutually exclusive.

[0846] Embodiment 171: The apparatus of embodiment 169 or 170, wherein the first
configuration of the configurable conunection pathways s configured to: {1} provide a copy of
the first set of optical signals as the third set of optical signals, and (2) provide one or more
signals from the first set of one or more device and one or more signals from the second set
of one or more devices to the summation module configured to produce an electrical signal
that represents a sum of values encoded on at least two different signals recetved by the

surnmation module.

[0847] Embodiment 172: The apparatus of any of embodiments 169 to 171, wherein the
first configuration of the configurable connection pathways is configured to provide a copy
of the first set of optical signals as the third set of optical signals, and a second configuration

of the configurable connection pathways is configured to provide one or more signals from
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the first set of one or more device and one or more signals from the second set of one or more
devices to the summation module configured to produce an electrical signal that represents a

sum of values encoded on signals received by the summation module.

5 {0848 Embodiment 173: An apparatus comprising;

a plurality of optical waveguides, wherein a set of multiple input values are encoded

on respective optical signals carried by the optical waveguides;

a plurality of copying modules, including for each of at least two subsets of one or
more optical signals, a corresponding set of one or more copying modules
10 configured to split the subset of one or more optical signals into two or more

copies of the optical signals;

a plurality of multiplication modules, inchuding for each of at least two copieg of a
first subset of one or more optical signals, a corresponding multiplication
module configured to multiply the one or more optical signals of the first

15 subset by one or more values using optical amplitude modulation; and

one or more summation modules, including for results of two or more of the
multiplication modules, a summation module configured to produce an
electrical signal that represents a sum of the results of the two or more of the
multiplication modules, where the results include at least one result that is
20 encoded on an electrical signal and was derived from one of the copies of the
optical signals that propagated through no more than a single optical

amplitude modulator before being converted to an electrical signal.

[0849] Embodimment 174; A system, comprising:
25 a first unit configured to generate a plurality of modulator control signals;
4 Processor unit Comprising:
a Hght source configured to provide a plurality of light outputs;
a plurality of optical modulators coupled to the light source and the first unit,
the plurality of optical modulators being configured to generate an optical input vector by

30 modulating the plurality of light cutputs provided by the light source based on the plurahity of
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maodulator control signals, the optical input vector comprising a plurality of optical signals;
and
a matrix multiplication unit coupled to the plurality of optical modulators and
the first unit, the matrix multiplication unit being configured to transform the optical mput
vector into an analog output vector based on a plurality of weight control signals;
a second unit coupled to the matrix multiphcation umt and configured to convert the
analog output vector into a digitized output vector; and
a controller comprising integrated circuitry configured to perform operations
comprising:
receiving an artificial neural network computation request comprising an input
dataset that comprises a first digital input vector;
recetving a first plurality of neural network weights;
and
generating, through the first unit, a first plurality of modulator control signals
based on the first digital mput vector and a first plurality of weight control signals based on
the first plurality of neural network weights.
[0850] Embodiment 175:; The system of embodiment 174 in which the first unit

comprises a digital to analog converter (BAC).

[0851] Embodiment 176; The system of embodiment 174 or 175 in which the second unit

comprises an analog to digital converter {ADC).

[0852] Embodiment 177 The system of any of embodiments 174 to 176, comprising a

memory unit configured to store a dataset and a plurality of neural network weights.

[0853] Embodiment 178: The system of embodiment 177 in which the integrated
circuitry of the controller is further configured to perform operations comprising storing, in

the memory unit, the input dataset and the first plurality of neural network weights.

{08541 Embodiment 179: The system of any of embodiments 174 t0 178 i which the

first unit 1s configured to generate the plurality of weight control signals.
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[0855] Embodiment 180: The system of any of embodiments 174 to 178 in which the
controller comprises an application specific integrated circuit {ASIC), and
receiving an artificial neural network computation request comprises receiving, from

a general purpose data processor, an artificial neural network computation request.

[0856] Embodiment 181 The system of any of embodiments 174 to 178 in which the
first unit, the processing unit, the second unit, and the controller are disposed on at least one
of a multi-chip module or an integrated circuit, and

receiving an artificial neural network computation request comprises receiving, from
a second data processor, an artificial neural network computation request, wherein the second
data processor 15 external to the multi-chip module or the integrated circuit, the second data
processor is coupled to the multi-chip module or the mtegrated circuit through a
communication channel, and the processor unit can process data at a data rate that 1s at least
an order of magnitude greater than a data rate of the communication channel.

[0857] Embodiment 182: The system of embodiment 174 in which the first unit, the
processor unit, the second unit, and the controller are used m an optoslectronical processing
loop that 1s repeated for a plurality of iterations, and the optoslecironical processing loop
inchudes:

{1} at least a first optical modulation operation based on at least one of the plurality of
modulator control signals, and at feast a second optical modulation operation based on at
least one of the weight control signals, and

(2) at least one of {a) an electrical summation operation or (b} an electrical storage

operation.

[0858] Embodiment 183: The system: of embodiment 182 in which the optoelectronical
processing loop includes the electrical storage operation, and the electrical storage operation
is performed using a memory unit coupled to the controller,

wherein the operations performed by the controller further comprise storing, in the

memory unit, the input dataset and the first plurality of neural network weights.
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08591 Embodiment 184: The system of embodiment 182 in which the optoelectronical
processing loop includes the electrical summation operation, and the electrical summation
operation is performed using an electrical summation module within the matrix
multiplication un,

wherein the electrical summation module is configured to generate an electrical
current corresponding to an element of the analog output vector that represents a sum of
respective elements of the optical input vector multiplied by respective neural network

weights.

{0860] Ermbodiment 185 The system of embodiment 182 10 which the optoelectronical
processing loop includes at least one signal path on which there 13 no more than one first
optical modulation operation based on at least one of the plurality of modulator control
signals, and no more than one second optical modulation operation based on at least one of
the weight control signals performed 1o a single loop Heration.

[0861] Embodiment 186: The system of embodiment 185 in which the first optical
modulation operation 1 performed by one of the plurality of optical modulators coupled to
the source of the light outputs and to the matrix multiphication unit, and the second optical
modulation operation s performed by an optical modulator included 1n the matrix

multiphication unit.

[0862] Embodiment 187: The system of embodiment 182 in which the optoelectronical
processing loop includes at least one signal path on which there is no more than one electrical

storage performed in a single loop iteration.

[0863] Embodiment 188: The system of embodiment 174 in which the source includes a

laser unit configured to generate the plurality of hight outputs.

[0864] Embodiment 189: The system of embodiment 174 in which the matrix
multiplication unit comprises:
an array of input waveguides to receive the optical input vector, and the optical input

vector comprises a first array of optical signals;
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an optical interference unit, in optical communication with the array of input
waveguides, to perform a linear transformation of the optical input vector into a second array
of optical signals; and

an array of output waveguides, in optical commmunication with the optical mterference
unit, to guide the second array of optical signals, wherein at least one input waveguide i the
array of input waveguides 1s in optical communication with each output waveguide in the

array of cutput waveguides via the optical interference umnit.

[0865] Embodiment 190: The system of embodiment 189 in which the optical
mterference unit comprises:
a plurality of interconnected Mach-Zehnder interferometers (MZIs), each MZ1 in the
plurality of interconnected MZIs comprising;
a first phase shifter configured to change a splitting ratio of the MZI; and
a second phase shifter configured to shift a phase of one output of the MZ,
wherein the first phase shifters and the second phase shifters are coupled to the

plurality of weight control signals.

{0866 Embodiment 191 The system of embodiment 174 1 which the matrix
multiphication unit comprises:

a plurality of copying modules, wherein each of the copying modules corresponds to
a subset of one or more optical signals of the optical input vector and is configured to sphit
the subset of one or more optical signals into two or more copies of the optical signals;

a plurality of multiplication modules, wherein each of the multiplication modules
corresponds to a subset of one or more optical signals configured to multiply the one or more
optical signals of the subset by one or more matrix element values using optical amplitude
modulation; and

one or more summation modules, wherein each summation module is configured to
produce an electrical signal that represents a sum of the results of two or more of the

multiplication modules.

[0867] Embodiment 192: The system of embodiment 191 in which at least one of the
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multiplication modules includes an optical amplitude modulator including an input port and
two output ports, and a pair of related optical signals is provided from the two output ports
such that a difference between amplitudes of the related optical signals corresponds to a

result of multiplying an mnput value by a signed matrix element value.

[0868] Embodiment 193: The system of embodiment 191 or 192 in which the matrix
multiplication unit is configured to multiply the mput vector by a matrix that includes the one

or more matrix element values.

[0869] Ermabodiment 194: The system of embodiment 193 10 which a set of multiple
output values are encoded on respective electrical signals produced by the one or more
sumunation modules, and the output values n the set of multiple output values represent
elements of an output vector that results from the input vector being multiplied by the matrix.
[0870] Embodiment 195 The system of any of embodiments 174 to 194 i which the
system comprises a memory unit configured to store the input dataset and the neural network
weights, the second unit comprises an analog to digital converter {(ADC) unit, and the
operations further comprise:

obtaining, from the ADC unit, a first plurality of digitized outputs corresponding to
the analog output vector of the matrix multiplication unit, the first plurality of digitized
outputs forming a first digital output vector;

performing a nonlinear transformation on the first digital output vector to generate a
first transtformed digital output vector; and

storing

p=2]

in the memory unit, the first transformed digital output vector,

{0871] Embodiment 196. The system of embodiment 195 in which the system has a first
loop period defined as a time elapsed between the step of storing, in the memory unit, the
mput dataset and the first plurality of neural network weights, and the step of storing, in the
memory unit, the first transformed digital output vector, and

wherein the first loop period 1s less than or equal to 1 ns.

[0872] Embodiment 197 The system of embodiment 195 or 196 in which the operations
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further comprise;
outputting an artificial neural network output generated based on the first transformed

digital output vector.

[0873] Embodiment 198: The system of any of embodiments 195 t0 197 in which the
first unit cornprises a digital to analog converter (DAC) unit, and the operations further
comprise:

generating, through the DAC unit, a second plurality of modulator control signals

based on the first transformed digital output vector.

[0874] Embodiment 199: The system of any of embodiments 195 to 198 in which the
first unit comprises a digital to analog converter (DAC) untt, the artificial neural network
computation request further comprises a second plurality of neural network weights, and
wherem the operations further comprise:

based on the obtaining of the first plurality of digitized ouiputs, generating, through
the DAC unit, a second plurality of weight control signals based on the second plurality of

neural network weights,

[0875] Embodiment 200: The system of embodiment 199 in which the first and second
pluralities of neural network weights correspond to different layers of an artificial neural

network.

[0876] Embodiment 201: The system of any of embodiments 195 to 200 in which the
first enit comprises a digital to analog converter (BAC) unit, the mput dataset further
comprises a second digital input vector, and
wherein the operations further comprise:

generating, through the DAC unit, a second plurality of modulator conirol signals
based on the second digital input vector;

obtaining, from the ADC unit, a second plurality of digitized outputs
corresponding to the output vector of the matrix multiplication umit, the second plurality of

digitized outputs forming a second digital output vector;
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performing a nonlinear transformation on the second digital output vector to
generate a second transformed digital output vector;

storing, in the memory unit, the second transformed digital output vector; and

outputting an artificial neural network output generated based on the first
transformed digital output vector and the second transformed digital output vector,

wherein the output vector of the matrix multiplication unit results from a second

optical input vector generated based on the second plurality of modulator control signals that
is transformed by the matrix multiplication unit based on the first-mentioned plurality of

weight control signals.

{08771 Embodiment 202: The system of any of embodiments 174 to 201 in which the
system comprises a memory unit configured to store the input dataset and the neural network
weights, the second unmit comprises an analog to digital converter (ADC) urut, and the system
further comprises:

an analog nonlinearity unit arranged between the matrix multiplication unit and the
ADC unit, the analog nonlinearity unit being configured to receive the plurality of output
voltages from the matrix multiplication umit, apply a nonlinear transfer function, and cuiput a
plurality of transformed output voltages to the ADC umnit,

wherein the operations performed by the integrated circuitry of the controller further
comprise:

obtaining, from the ADC unit, a first plurality of transformed digitized output

voltages corresponding to the plurality of ransformed sutput voltages, first plarality of
transformed digitized output voltages forming a first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.

[0878] Embodiment 203: The system of any of embodiments 174 to 202 in which the
mtegrated circuitry of the controller is configured to generate the first plurality of modulator

control signals at a rate greater than or equal to 8 GHz.

{08791 Embodiment 204: The system of any of embodiments 174 0 190 in which the

first unit comprises a digital to analog converter (DAC) untt, the second umit comprises an
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analog to digital converter (ADC) unit, the matrix multiplication unit comprises:
an optical matrix multiplication unit coupled to the plurality of optical modulators and
the DAC unit, the optical matrox multiplication unit being configured to transform the optical
input vector into an optical output vector based on the plurality of weight control signals; and
a photodetection unit coupled to the optical matrix multiplication unit and configured

to generate a plurality of output voltages corresponding to the optical output vector.

[08R0] Ermbodiment 205 The system of embodiment 204, further comprising:

an analog memory untt arranged between the DAC unit and the plurality of optical
modulators, the analog memory umit being configured to store analog voltages and to output
the stored analog voltages; and

an analog nonlinearity unit arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to receive the plurality of output voltages
from the photodetection unit, apply a nonlinear transfer function, and cutput a plurality of

transformed output voltages.

[0881] Embodiment 206: The system of embodiment 205 in which the analog memory

unit comprises a plurality of capacitors.

{0882] Embodiment 207: The system of embodiment 205 or 206 m which the analog
memory unit is configured to receive and store the plurality of transformed output voltages of
the analog nonlinearity unit, and to output the stored plurality of transformed output voltages
{0 the plurality of optical modulators, and
wherein the operations further comprise:

based on generating the first plurality of modulator control signals and the first
plurality of weight control signals, storing, in the analog memory unit, the plurality of
transformed output voltages of the analog nonlinearity unit;

outputting, through the analog memory unit, the stored transformed output
voltages;

obtamning, from the ADC untt, a second plurality of transformed digitized output

voltages, the second plurality of transformed digitized output voltages forming a second
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transformed digital output vector; and

storing, in the memory unit, the second transformed digital output vector.

[0883] Embodiment 208: The system of embodiment 204 in which the system comprises
a memory unit configured to store the input dataset and the neural network weights, the input
dataset of the artificial neural network computation request comprises a plurality of digital
mput vectors,
wherein the source 1s configured to generate a plurahity of wavelengths,
wherein the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generating a respective optical input vector having a respective wavelength; and
an optical multiplexer configured to combine the plurality of optical input
vectors into a combined optical mput vector comprising the plurality of wavelengths,
wherein the photodetection untt is further configured to demultiplex the plurality of
wavelengths and 1o generate a plurahty of demultiplexed output voltages, and
wherein the operations comprise:
obtaining, from the ADC unit, a plurality of digitized demultiplexed optical
ouiputs, the plurality of digitized demultiplexed optical outputs forming a plurality of first
digital output vectors, wherein each of the plurality of first digital output vectors corresponds
o one of the plurality of wavelengths;
performing a nonlinear transformation on each of the plurality of first digital
output vectors to generate a plurality of transformed first digiial output vectors; and
storing, in the memory unit, the plurality of transformed first digital output
vectors,
wherein each of the plurality of digital input veciors corresponds to one of the

plurality of optical input vectors.

[0884] Embodiment 209 The system of embodiment 174 in which the system comprises
a memory unit configured to store the mput dataset and the neural network weights, the

second unit comprises an analog to digital converter {ADC) untt, and the artificial neural
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network computation request comprises a plurality of digital input vectors,
wherein the source is configured {0 generate a plurality of wavelengths,
wherein the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generating a respective optical input vector having a respective wavelength; and
an optical multiplexer configured to combine the plurality of optical input
vectors into a combined optical mput vector comprising the plurality of wavelengths, and
wherein the operations comprise:
obtaining, from the ADC unit, a first plurality of digitized optical outputs
corresponding to the optical output vector comprising the plurality of wavelengths, the first
plurality of digitized optical outputs forming a first digital output vector;
performing a nonlinear transformation on the first digital output vector to
generate a first transformed digital cutput vector; and

storing, in the memory unit, the first transformed digital output vector,

[0885] Embodiment 210: The system of any of embodiments 174 to 209 in which the
first unit comprises a digital to analog converter (DAC) unit, the second unit comprises an
analog to digital converter (ADC) unit, and the BAC unit comprises:
a 1-bit DAC subunit configured to generate a plurality of 1-bit modulator control
signals,
wherein a resolution of the ADC unit is 1 bit,
wherein a resclution of the first digital input vector is N bits, and
wherein the operations comprise:;
decomposing the first digital input vector into N 1-bit input vectors, each of
the N 1-bit input vectors corresponding to one of the N bits of the first digital input vector;
generating, through the 1-bit DAC subunit, a sequence of N 1-bit modulator
control signals corresponding to the N 1-bit input vectors;
obtaining, from the ADC unit, a sequence of N digitized 1-bit optical outputs

corresponding to the sequence of the N 1-bit modulator control signals;
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constructing an N-bit digital output vector from the sequence of the N
digitized 1-bit optical outputs;

performing a nonlinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-but digital output vector.

[0886] Embodiment 211 The system of any of embodiments 174 to 210 in which the
system comprises 4 memory unit configured to store the input dataset and the neural network
weights, and the memory unit comprises:

a digital input vector memory configured to store the digital input vector and
comprising at least one SRAM; and

a neural network weights memory configured to store the plurality of neural

network weights and comprising at least one DRAM.

[0887] Embodiment 212: The system of any of embodiments 174 to 211 1n which the
first unit comprises a digital to analog converter (DAC) untt that comprises:

a first DAC subunit configured to generate the plurality of modulator control
signals; and

a second DAC subunit configured to generate the plurality of weight control
signals,

wherein the first and second DAC subumits are different.

[0888] Embodiment 213: The system of any of embodiments 174 to 212 in which the
light source comprises:

a laser source configured to generate light; and

an optical power splitter configured to split the light generated by the laser source
into the plurality of light sutputs, wherein each of the plurality of light outputs have

substantially equal powers.

{08891 Embodiment 214: The system of any of embodiments 174 t0 213 mn which the

plurality of optical modulators comprises one of MZI modulators, ring resonator modulators,
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or electro-absorption modulators.

{08901 Embodiment 215 The system of embodiment 204, wherein the photodetection
unit comprise;

a plurality of photodetectors; and

a plurality of aroplifiers configured to convert photocurrents generated by the

photodetectors into the plurality of output voltages.

[0891] Embodiment 216: The system of any of embodiments 174 to 215 in which the

mtegrated circuitry is an application specific integrated circuit.

[0892] Ermbodiment 217 The apparatus of any of embodiments 174 and 191 to 194,
comprising a plurality of optical waveguides coupled between the optical modulators and the
matrix multiplication unit, in which the optical mput vector comprises a set of multiple input
values that are encoded on respective optical signals carried by the optical waveguides, and
cach of the optical signals carried by one of the optical waveguides comprises an optical
wave having a common wavelength that 1s substantiaily identical for all of the optical

signals.

{0893} Embodiment 218: The apparatus of any of embodiments 191 to 194 and 217 in
which the copying modules include at least one copying module comprising an optical
splitter that sends a predetermined fraction of the power of an optical wave at an input port to
a first output port, and sends the remaining fraction of the power of the optical wave at the

mput port to a second output port.

[0894] Embodiment 219: The apparatus of embodiment 218 in which the optical splitter
comprises a waveguide optical splitter that sends a predetermined fraction of the power of an
optical wave guided by an input optical waveguide to a first output optical waveguide, and
sends the remaining fraction of the power of the optical wave guided by the input optical

wavegiide 1o a second output optical waveguide.
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{08951 Embodiment 220: The apparatus of embodiment 219 in which a guided mode of
the input optical waveguide is adiabatically coupled to guided modes of each of the first and

second output optical waveguides.

[0896] Embodiment 221 The apparatus of any of embodiments 218 to 220 mn which the
optical splitter comprises a beam splitter that includes at least one surface that transmits the
predetermined fraction of the power of the optical wave at the input port and reflects the
remaining fraction of the power of the optical wave at the input port.

{08971 Embodiment 222: The apparatus of any of embodiments 217 to 221 1 which at
least one of the plurality of optical waveguides comprises an optical fiber that is coupled to
an optical coupler that couples a guided mode of the optical fiber to a free-space propagation

mode.

[0898] Embodiment 223: The apparatus of any of embodiments 174, 191 to 194, and 217
to 222 m which the multiphication modules include at least one coherence-sensitive
muktiplication module configured to multiply the one or more optical signals of the first
subset by one or more matrix element valuoes using optical amplitude modulation based on
mterference between optical waves that have a coherence length at leastas longas a

propagation distance through the coherence-sensitive multiplication module.

[0899] Embodiment 224: The apparatus of embodiment 223 1n which the coherence-
sensitive multiplication module comprises a Mach-Zehnder Interferometer (MZ1) that splits
an optical wave guided by an input optical waveguide into a first optical waveguide arm of
the MZI and a second optical waveguide arm of the MZI, the first optical waveguide arm
ncludes a phase shifter that imparts a relative phase shift with respect to a phase delay of the
second optical waveguide arm, and the MZI combines optical waves from the first optical
waveguide arm and the second optical waveginde arm inio at least one output optical

waveguide.

09001 Embodiment 225: The apparatus of embodiment 224 10 which the MZI combines

opiical waves from the first optical waveguide arm and the second optical waveguide arm
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into each of a first output optical waveguide and a second output optical waveguide, a first
photodetector receives an optical wave from the first output optical waveguide to generate a
first photocurrent, a second photodetector receives an optical wave from the second output
opiical waveguide to generate a second photocurrent, and a result of the coherence-sensitive
multiplication module comprises a difference between the first photocurrent and the second

photocurrent.

[0901] Ermbodiment 226: The apparatus of any of embodiments 223 to 225 in which the
coherence-sensitive multiplication module comprises one or more ring resonators, including
at least one ring resonator coupled to a first optical waveguide and at least one ring resonator

coupled to a second optical waveguide.

[0902] Embodiment 227: The apparatus of embodiment 226 in which a first
photodetector receives an optical wave from the first optical waveguide to generate a first
photocurrent, a second photodetector recetves an optical wave from the second optical
waveguide to generate a second photocurrent, and a result of the coherence-sensitive
multiplication module comprises a difference between the first photocurrent and the second

photocurrent.

{0903} Embodiment 228: The apparatus of any of embodiments 174, 191 to 194, and 217
to 227 in which the multiphication modules include at least one coherence-insensitive
mutftiplication module configured to multiply the one or more optical signals of the first
subset by one or more matrix element values using optical amplitude modulation based on

absorption of energy within an optical wave.

[0904] Embodiment 229: The apparatus of embodiment 228, wherein the coherence-

msensitive multiplication module comprises an eleciro-absorption modulator.

[0905] Embodiment 230 The apparatus of any of embodiments 174, 191 to 194, and 217
to 229 in which the one or more summation modules include at least one summation module

comprising: {1} two or more mnput conductors that each carries an electrical signal in the form
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of an input current whose amplitude represents a respective result of a respective one of the
multiplication modules, and (2) at least one cutput conductor that carries the electrical signal
that represents the sum of the respective results in the form of an output current that is

proportional to the sum of the input currents.

[0506] Embodiment 231: The apparatus of embodiment 230, wherein the two or more
mput conductors and the output conductor comprise wires that meet at one or more junctions
among the wires, and the output current is substantially equal to the sum of the input

currents.

[0907] Embodiment 232: The apparatus of embodiment 230 or 231, wherein at least a
first input current of the input currents is provided in the form of at least one photocurrent
generated by at least one photodetector that receives an optical signal generated by a first

muktiplication module of the multiplication modules.

[0908] Embodiment 233: The apparatus of embodiment 232, wherein the first mput
different respective photodetectors that receive different respective optical signals both

generated by the first multiplication module.

[0909] Embodiment 234: The apparatus of any of embodiments 174 to 233, wherein one
of the copies of the first subset of one or more optical signals consists of a single optical

signal on which one of the input values is encoded.

[0910] Embodiment 235 The apparatus of embodiment 234, wherein the multiplication
module corresponding to the copy of the first subset multiplies the encoded input value by a

single matrix element value.

[0911] Embodiment 236 The apparatus of any of embodiments 174, 191 to 194, and 217

to 235 in which one of the copies of the first subset of one or more optical signals includes
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more than one of the optical signals, and fewer than all of the optical signals, on which

multiple mput values are encoded.

[0912] Embodiment 237: The apparatus of embodiment 236, wherein the multiplication
module corresponding to the copy of the first subset multiplies the encoded input values by

different respective matrix element values.

[0913] Ermbodiment 238 The apparatus of embodiment 237, wherein different
multiplication modules corresponding to different respective copies of the first subset of one
or more optical signals are contained by different devices that are in optical communication
to transnut one of the copies of the first subset of one or more optical signals between the

different devices.

[0914] Embodiment 239: The apparatus of any of embodiments 174, 191 to 194, and 217
to 238 m which two or more of the plurality of optical waveguides, two or more of the
plurality of copying modules, two or more of the plurality of multipbication modules, and at
least one of the one or more summation modules are arranged on a substrate of a common

device.

[0915] Embodiment 240: The apparatus of embodiment 239, wherein the device
performs vector-mairix multiplication, wherein an input vecior 1s provided as a set of optical

signals, and an output vector is provided as a set of electrical signals.

[0916] Embodiment 241: The apparatus of any of embodiments 174, 191 to 194, and 217
to 240, further comprising an accumulator that integrates an input electrical signal
corresponding o an output of a multiplication module or a summation module, wherein the
mput electrical signal is encoded using a time domain encoding that uses on-off amplitude
modulation within each of multiple time slots, and the accumulator produces an output
electrical signal that is encoded with more than two amplitude levels corresponding to

different duty cycles of the time domain encoding over the multiple time slots.
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109171 Embodiment 242: The apparatus of any of embodiments 174, 191 t0 194, and 217
10 241, wherein the two or more of the multiplication modules each correspond to a different

subset of one or more optical signals.

[0918] Embodiment 243 The apparatus of any of embodimenis 174, 191 10 194, and 217
to 242, further comprising, for each copy of a second subset of one or more optical signals,
different from the optical signals in the first subset of one or more optical signals, a
multiplication module configured to multiply the one or more optical signals of the second

subset by one or more matrix element values using optical amplitude modulation.

[0919] Embodiment 244: A system, comprising:
a memory unit configured to store a dataset and a plurality of neural network weights;
a driver unit configured to generate a plurality of modulator control signals;
an optoelectronic processor comprising;

a hight source configured to provide a plurality of light outputs;

a plurahity of optical modulators coupled to the light source and the driver
unit, the plurality of optical modulators being configured 1o generate an optical input vector
by modulating the plurality of light outputs generated by the light source based on the
plurality of modulator control signals;

a matrix multiplication unit coupled to the plarality of optical modulators and
the driver unit, the matrix multiplication unit being configured to transform the optical input
vector inio an analog output vector based on a plurality of weight control signals; and

a comparator unit coupled to the matrix multiplication unit and configured to convert
the analog output vector into a plurality of digitized 1-bit outputs; and

a controller comprising integrated circuniry configured to perform operations
comprising

receiving an artificial neural network computation request comprising an input
dataset and a first plurality of neural network weights, wherein the input dataset comprises a
first digital input vector having a resolution of N bits;

storing, in the memory unit, the input dataset and the first plurality of neural

network weights;
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decomposing the first digital input vector into N 1-bit iput vectors, each of
the N 1-bit input vectors corresponding to one of the N bits of the first digital input vector;

generating, through the driver unit, a sequence of N 1-bit modulator control
signals corresponding to the N 1-bit input vectors;

obtamning, from the comparator unit, a sequence of N digitized 1-bit outputs
corresponding 1o the sequence of the N 1-bit modulator control signals;

constructing an N-bit digital output vector from the sequence of the N
digitized 1-bit outputs;

performing a nonlinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-bit digital output vector.

[0920] Embodiment 245: The system of embodiment 244 in which receiving an artificial
neural network computation request comprises receiving, from a general purpose computer,

an artificial neural network computation request.

[0921] Embodiment 246: The system of embodiment 244 1n which the driver unit 13

configured to generate the plurality of weight control signals.

(6922} Embodiment 247: The system of embodiment 244 1n which the matrix
multiphication unit comprises:

an opiical matrox multiplication unit coupled to the plurality of optical modulators and
the driver unit, the optical matrix multiplication unit being configured to transform the
optical input vector into an optical output vector based on the plurality of weight control
signals; and

a photodetection unit coupled to the optical matrix multplication unit and configured

o generate a plurality of output voliages corresponding to the optical output vecior,

[0923] Embodiment 248: The system of embodiment 244 in which the matrix
multiplication unit comprises:

an array of input waveguides to recetve the optical input vector;
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an optical interference unit, in optical communication with the array of input
waveguides, to perform a linear transformation of the optical input vector into a second array
of optical signals; and

an array of output waveguides, in optical commmunication with the optical mterference
unit, to guide the second array of optical signals, wherein at least one input waveguide i the
array of nput waveguides 1s in optical communication with each output waveguide in the

array of cutput waveguides via the optical interference umnit.

[0924] Embodiment 249: The system of embodiment 248 in which the optical
mterference unit comprises:
a plurality of interconnected Mach-Zehnder interferometers (MZIs), each MZ1 in the
plurality of interconnected MZIs comprising;
a first phase shifter configured to change a splitting ratio of the MZI; and
a second phase shifter configured to shift a phase of one output of the MZ,
wherein the first phase shifters and the second phase shifters are coupled to the

plurality of weight control signals.

[0925] Embodiment 250; The system of embodiment 244 1 which the matrix
multiphication unit comprises:

a plurality of copying modules, including for each of at least two subsets of one or
more optical signals of the optical input vector, a corresponding set of one or more copying
modules configured to split the subset of one or more optical signals into two or more copies
of the optical signalis;

a plurality of multiplication modules, including for each of at least two copies of a
first subset of one or more optical signals, a corresponding multiplication module configured
to multiply the one or more optical signals of the first subset by one or more matrix element
values using optical amplitude modulation; and

one or more summation modules, including for results of two or more of the
multiplication modules, a summation module configured to produce an electrical signal that

represents a sum of the results of the two or more of the multiplication modules.
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09261 Embodiment 251: The system of embodiment 250 in which at least one of the
multiplication modules includes an optical amplitude modulator including an input port and
two output ports, and a pair of related optical signals is provided from the two output ports
such that a difference between amplitudes of the related optical signals corresponds to a

result of multiplying an input value by a signed matrix element value.

[0927] Embodiment 252; The system of embodiment 250 or 251 1n which the matrix
multiplication unit is configured to multiply the input vector by a matrix that mcludes the one

or more matrix element values.

[0928] Embodiment 253: The system of embodiment 252 in which a set of multiple
output values are encoded on respective electrical signals produced by the one or more
summation modules, and the output values in the set of multiple output values represent

clements of an output vector that results from the input vector being multiplied by the matrix.

[0929] Embodiment 254: A method for performing artificial neural network
computations i a system having a matrix multiplication unit configured to transform an
optical input vector into an analog ocutput vector based on a plurality of weight control
signals, the method comprising:

receiving an artificial neural network computation request comprising an nput dataset
and a first plurality of neural network weights, wherein the mmput dataset comprigses a first
digital input vector,

storing, in 2 memory unit, the input dataset and the first plurality of neural network
weights;

generating a first plurality of modulator control signals based on the first digital input
vector and a first plurality of weight control signals based on the first plurality of neural
network weights;

obtaining a first plurality of digitized cutpuis corresponding to an output vector of the
matrix multiplication unit, the first plurality of digitized outputs forming a first digital output
vector;

performing, by a controller, a nonlinear transformation on the first digital output
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vector to generate a first transformed digital output vector;
storing, in the memory unit, the first transformed digital output vector; and
outputting, by the controller, an artificial neural network output generated based on

the first transformed digital output vector.

[0930] Embodiment 255: The method of embodiment 254 in which receiving an artificial
neural network computation request comprises receiving the artificial neural network

computation request from a computer through a communication channel.

[0931] Ermbodiment 256: The method of embodiment 254 or 255 in which generating a
first plurality of modulator control signals comprises generating, through a digital-to-analog

converter (DAC) unit, a first plurality of modulator control signals.

[0932] Embodiment 257: The method of any of embodiments 254 to 256 n which
obtaining a first plurality of digitized outputs comprises obtaining, from an analog-to-digital

conversion {ADC) unit, a first plurality of digitized outputs.

[0933] Embodiment 258: The method of embodiment 257, comprising:

applying the first plurality of modulator control signals to a plurality of optical
modulators coupled to a light source and the DAC umit, and

generating, usmg the plurality of optical modulators, an optical input vector by
modulating the plurality of Hight outputs generated by the laser unit based on the plurality of

modulator control signals.

{0934] Embodiment 259 The method of embodiment 258 in which the matrix
multiplication unit 1s coupled to the plurality of optical modulators and the DAC unit, and the
method comprises:

transforming, using the matrix multiplication unit, the optical input vector into an

analog output vector based on the plurality of weight control signals.

[0935] Embodiment 260: The method of embodiment 259 in which the ADC unit 1s
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coupled to the matrix multiplication unit, and the method comprises:
converting, using the ADC unit, the analog output vector into the first plurality of

digitized outputs.

[0936] Embodiment 261 The method of embodiment 259 or 260 in which the matrix
multiplication unit comprises an optical matrix multiplication unit coupled to the plurality of
optical modulators and the DAC unit,

transforming the optical input vector mto an analog output vector comprises
transformung, using the optical matrix moultiplication unit, the optical input vector into an
optical output vector based on the plurality of weight control signals, and

the method comprises: generating, using a photodetection unit coupled to the optical
matrix multiplication unit, a plurality of output voltages corresponding to the optical output

vector.

[0937] Embodiment 262: The method of embodiment 254, comprising:

receiving, at an array of input waveguides, the optical mput vector;

performing, using an optical mnterference unit n optical communication with the array
of input waveguides, a linear transformation of the optical input vector into a second array of
optical signals; and

guiding, using an array of output waveguides in optical communication with the
optical nterference unit, the second array of optical signals, wherein at least one mput
waveguide in the array of inpuet waveguides s in optical commumnication with each output

waveguide in the array of output waveguides via the optical mterference unit,

{0938] Embodiment 263 The method of embodiment 262 in which the optical
interference unit comprises a plurality of interconnected Mach-Zehnder interferometers
{MZIs}, each MZI in the plurality of interconnected MZIs comprising a first phase shifter and
a second phase shifter, and the first phase shifiers and the second phase shifters are coupled
to the plurality of weight control signals,

wherein the method comprises:

changing a splitting ratio of the MZI using the first phase shifter, and
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shifting a phase of one output of the MZI using the second phase shifter.

109391 Embodiment 264: The method of embodiment 258, comprising;

for each of at least two subsets of one or more optical signals of the optical input
vector, splitting, using a corresponding set of one or more copying modules, the subset of one
or more optical signals into two or more copies of the optical signals;

for each of at least two copies of a first subset of one or more optical signals,
multiplyving, using a corresponding multiplication module, the one or more optical signals of
the first subset by one or more maitrix element values using optical amplitude modulation;
and

for results of two or more of the multiphication modules, producing, using a
sumunation module, an electrical signal that represents a sum of the results of the two or more

of the multiplication modules.

{0940] Embodiment 265: The method of embodiment 264 in which at least one of the
multiplication modules includes an optical amplitude modulator including an input port and
two output ports, and a pawr of related optical signals is provided from the two output ports
such that a difference between amplitudes of the related optical signals corresponds to 3

result of multiplying an input value by a signed matrix element value.

[0941] Embodiment 266: The method of embodiment 264 or 265, comprising
muktiplying, using the matrix multiplication unit, the input vector by a matrix that includes

the one or more matrix element values.

[0942] Embodiment 267 The method of embodiment 266, comprising encoding a set of
mutltiple output values on respective electrical signals produced by the one or more
summation modules, and

representing, using the cutput values in the set of multiple output values, elements of

an output vector that results from the mput vector being multiphied by the matrix.

[0943] Embodiment 268: A method comprising:
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providing input information in an electronic format;

converting at least a part of the electronic input information into an optical mput
vector;

optoelectronically transforming the optical mput vector into an analog output vector
based on a matrix multiplication; and

electronically applying a non-linear transformation to the analog output vector to

provide output information in an electronic format.

10944] Embodiment 269: The method of embodiment 268, further comprising:
repeating the electronic-to-optical converting, the optoelectronical transforming, and
the electronically applied non-~linear transforming with respect to new electronic mput

mformation corresponding to the provided output information in electronic format.

[0945] Embodiment 270: The method of embodiment 269, wherein the matrix
multiplication for the mitial optoelectronical transforming and the matrix multiplication of
the repeated optoelectronical transforming are the same and correspond to the same layer of

an artificial neural network.

[0946] Embodiment 271: The method of embodiment 269, wherein the matrix
mutltiplication for the mitial optoelectronical transforming and the matrix multiplication of
the repeated optoelectronical transforming are different and correspond to different lavers of

an artificial neural network.

{09471 Embodiment 272: The method of embodiment 268, further comprising;

repeating the electronic-to-optical converting, the optoelectronical transforming, and
the electronically applied non-linear transforming with respect to a different part of the
electronic input information,

wherein the matrix multiplication for the initial optoelectronical transforming and the
matrix multiplication of the repeated optoelectronical transforming are the same and

correspond to a first layer of an artificial neural network.
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[0948] Embodiment 273: The method of embodiment 272, further comprising:

providing intermediate information 1n an electronic format based on the electronic
output information produced for the multiple parts of the electronic input information by the
first layer of the artificial neural network; and

repeating the electronic-to-optical converting, the optoelectronical transforming, and
the electronically applied non-linear transforming with respect to each of ditferent pasts of
the electronic intermediate information,

wherein the matrix multiplication for the initial optoelectronical transforming and the
matrix multiplication of the repeated optoelectronical transforming related to the different
parts of the electronic intermediate information are the same and correspond to a second

layer of the artificial neural network.

[0949] Embodiment 274; A system for performing artificial neural network
computations, the system comprising:

a first unit configured to generate a plurality of vector control signals and to generate
a phurality of weight countrol signals;

a second unit configured to provide an optical input vector based on the plurality of
vector control signals;

a matrix multiplication unit coupled to the second unit and the first unit, the matrix
multiplication unit being configured to transform the optical input vector into an output
vector based on the plurality of weight control signals; and

a controller comprising integrated circuttry configured to perform operations
comprising

receiving an artificial neural network computation request comprising an input
dataset and a first plurality of neural network weights, wherein the input dataset comprises a
first digital input vector; and

generating, through the first unit, a first plurality of vector control signals
based on the first digital input vector and a first plurality of weight control signals based on
the first plurality of neural network weights;

wherein the first unit, the second unit, the matrix multiplication unit, and the

controller are used in an optoelectronical processing loop that 1s repeated for a plurality of
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iterations, and the optoelectronical processing loop includes: (1) at least two optical
modulation operations, and (2) at least one of (a) an electrical summation operation or {(b) an

electrical storage operation.

[0950] Embodiment 275; A method for performing artificial neural network
computations, the method comprising:

providing input information in an electronic format;

converting at least a part of the electronic input information into an optical input
vector; and

transforming the optical input vector into an output vector based on a matrix
multiplication using a set of neural network weights;

wherein the providing, converting, and transforming are performed in an
optoelectronical processing loop that is repeated for a plurality of iterations using different
respective sets of neural network weights and different respective input information, and the
optoelectronical processing loop includes: (1) at least two optical modulation operations, and

(2} at least one of (a) an electrical summation operation or (b} an electrical storage operation,
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CLAIMS

What is claimed is:

I. A system, comprising;
a first unit configured to generate a plurality of modulator conirol signals;
& Processor unit comprising’

a hight source configured to provide a plurality of light outputs;

a plurality of optical modulators coupled to the light source and the first unit,
the plurality of optical modulators being configured to generate an optical input vector by
modulating the plurality of light outputs provided by the light source based on the plurality of
modulator control signals, the optical input vector comprising a plurality of optical signals;
and

a matrix multiplication unit coupled to the plurality of optical modulators and
the first unit, the matrix multiplication unit being configured to transform the optical input
vector into an analog output vector based on a plurality of weight control signals;

a second unit coupled to the matrix multiplication unit and configured to convert the
analog output vector into a digitized output vector; and

a controller comprising integrated circuitry configured to perform operations
comprising;

receiving an artificial neural network computation request comprising an input
dataset that comprises a first digital input vector;

receiving a first plurality of neural network weights; and

generating, through the first unit, a first plurality of modulator control signals
based on the first digital mput vector and a first plurality of weight control signals based on

the first plurality of neural network weights.

2. The system of claim T in which the first unit comprises a digital to analog converter
(DAC).
3. The system of claim T or 2 in which the second unit comprises an analog to digital

couverter {ADC).
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4, The system of any of claims 1 to 3, comprising a memory unit configured to store a

dataset and a plurality of neural network weights.

5. The system of claim 4 in which the integrated circuitry of the controller is further
configured to perform operations comprising storing, in the memory unit, the input dataset

and the first plurality of neural network weights.

6. The system of any of claims 1 to § in which the first unit is configured to generate the

plurality of weight control signals.

7. The system of any of claims | to 5 in which the controller comprises an apphication
specific integrated circuit {ASIC), and
recetving an artificial neural network computation request comprises receiving, from

a general purpose data processor, an artificial neural network computation request.

8. The system of any of claims 1 to 5§ in which the first anit, the processing unit, the
second unit, and the controller are disposed on at least one of a multi-chip module or an
mtegrated circut, and

recetving an artificial neural network computation request comprises receiving, from
a second data processor, an artificial neural network computation request, wherein the second
data processor is external to the multi-chip module or the integrated circuit, the second data
processor is coupled to the multi-chip module or the integrated circut through a
communication channel, and the processor unit can process data at a data rate that is at least

an order of magnitude greater than a data rate of the communication channel.

9. The system of claim 1 in which the first unit, the processor unit, the second unit, and
the controller are used in an optoelectronical processing loop that is repeated for a plurality

of iterations, and the optoelectronical processing loop includes:
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(1) at least a first optical modulation operation based on at least one of the plurality of
modulator control signals, and at feast a second optical modulation operation based on at
least one of the weight control signals, and

(2) at least one of (a) an electrical summation operation or (b} an electrical storage

operation.

10, The system of claim 2 in which the optoelectronical processing loop includes the
electrical storage operation, and the electrical storage operation is performed using a memory
unit coupled to the controller,

wherein the operations performed by the controller further comprise storing, in the

memory unit, the mput dataset and the first plurality of neural network weights.

11 The system of claim 9 in which the optoelectronical processing loop includes the
electrical summation operation, and the electrical summation operation is performed using an
electrical summation module within the matrix mubiplication unit,

wherein the electrical summation module 18 configured to generate an electrical
current corresponding to an element of the analog output vector that represents a sum of
respeciive elements of the optical input vector multiplied by respective neural network

weights.

12. The system of claim 9 in which the optoslectronical processing foop imcludes at least
one signal path on which there is no more than one first optical modulation operation based
on at least one of the plurality of modulator conirol signals, and no more than one second
optical modulation operation based on at least one of the weight control signals performed in

a single loop iteration.

13. The system of claim 12 in which the first optical modulation operation is performed
by one of the plurality of optical modulators coupled to the source of the light outputs and to
the matrix multiplication unit, and the second optical modulation operation is performed by

an optical modulator included in the matrix multiplication unit.



25

30

WO 2019/236591 PCT/US2019/035403
251

14. The system of claim @ in which the optoelectronical processing loop includes at least
one signal path on which there is no more than one elecirical storage performed in a single

loop iteration.

15 The system of claim | in which the source includes a laser unit configured to generate

the plurality of light outputs.

16, The system of claim 1 in which the matrix multiplication unit comprises:

an array of mput waveguides to receive the optical input vector, and the optical input
vector comprises a first array of optical signals;

an optical interference untt, in optical communication with the array of input
waveguides, to perform a linear transformation of the optical mput vector into a second array
of optical signals; and

an array of output waveguides, 1n optical cornmunication with the optical interference
umt, to guide the second array of optical signals, wherein at least one input waveguide in the
array of mput waveguides 1s 1n optical communication with each output waveguide in the

array of output waveguides via the optical interference umt.

17. The system of claim 16 i which the optical interference unit comprises:
a plurality of interconnected Mach-Zehnder mterferometers (MZIs), each MZI in the
plurality of mterconnected MZIs comprising:
a first phase shifter configured to change a splitting ratio of the MZI; and
a second phase shifter configured to shift a phase of one output of the MZI,
wherein the first phase shifters and the second phase shifters are coupled to the

plurality of weight control signals.

18. The system: of claim 1 in which the matrix multiplication unit comprises:
a plurality of copying modules, wherein each of the copying modules corresponds to
a subset of one or more optical signals of the optical input vector and is configured to split

the subset of one or more optical signals into two or more copies of the optical signals;
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a plurality of multiplication modules, wherein each of the multiplication modules
corresponds to a subset of one or more optical signals configured to multiply the one or more
optical signals of the subset by one or more matrix element values using optical amplitude
modulation; and

one or more summation modules, wherein each summation module 1s configured to
produce an elecirical signal that represents a sum of the results of two or more of the

multiplication modules.

19, The system of claim 18 in which at least one of the multiplication modules includes
an optical amplitude modulator including an mput port and two output ports, and a pair of
related optical signals 1s provided from the two output ports such that a difference between
amplitudes of the related optical signals corresponds to a result of multiplving an input value

by a signed matrix element value.

20 The system of claim 18 or 19 in which the matrix multiplication unit is configured to

muktiply the input vector by a matrix that includes the one or more matrix element values.

21 The system of claim 20 1 which a set of multiple output values are encoded on
respective electrical signals produced by the one or more summation modules, and the output
values in the set of multiple output values represent elements of an cutput vector that results

from the input vector being multiplied by the matrix.

22. The system: of any of claims 1 to 21 in which the system comprises a memory unit
configured to store the input dataset and the neural network weights, the second unit
comprises an analog to digital converter (ADC) unit, and the operations further comprise:

obtaining, from the ADC unit, a first plurality of digitized outputs corresponding to
the analog output vector of the matrix multiplication unit, the first plurality of digitized
outputs forming a first digial output vector;

performing a nonlinear transformation on the first digital output vector to generate a
first transformed digital output vector; and

storing, in the memory unit, the first transformed digital output vector.



25

30

WO 2019/236591 PCT/US2019/035403
253

23, The system of claim 22 in which the system has a first loop period defined as a time
clapsed between the step of storing, in the memory unit, the input dataset and the first
plurality of neural network weights, and the step of storing, in the memory unit, the first
transformed digital output vector, and

wherein the first loop period is less than or equal to 1 ns.

24, The system of claim 22 or 23 in which the operations further comprise:
outputting an artificial neural network output generated based on the first transformed

digital output vector.

25. The system of any of claims 22 to 24 in which the first unit comprises a digital to
analog converter (DAC) unit, and the operations further comprise:
generating, through the DAC unit, a second plurality of modulator control signals

based on the first transformed digital output vector,

26, The system of any of ¢laims 22 to 25 in which the first unit comprises a digital to
analog converter (BAC) unit, the artificial neural network computation request further
comprises a second plurality of neural network weights, and wherein the operations further
comprise:

based on the obtaining of the first plurality of digitized ouiputs, generating, through
the DAC unit, a second plurality of weight control signals based on the second plurality of

neural network weighis,

27. The system: of claim 26 in which the first and second pluralities of neural network

weights correspond to different layers of an artificial neural network.

28, The system of any of claims 22 to 27 in which the first unit comprises a digital to
analog converter (DAC) unit, the input dataset further comprises a second digital input
vector, and

wherein the operations further comprise:
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generating, through the DAC unit, a second plurality of modulator control signals
based on the second digital input vector;

obtaining, from the ADC unit, a second plurality of digitized outputs
corresponding to the output vector of the matrix multiplication untt, the second plurality of
digitized outputs forming a second digital output vector;

performing a nonlinear transformation on the second digital output vector to
generate a second transformed digital output vector;

storing, in the memory unit, the second transformed digital output vector; and

outputting an artificial neural network output generated based on the first
transformed digital output vector and the second transformed digital output vector,

wherein the output vector of the matrix multiplication unit results from a second

optical input vector generated based on the second plurality of modulator control signals that
15 transformed by the matrix multiplication unit based on the first-mentioned plurality of

weight control signals.

29, The system of any of claims 1 to 28 in which the system comprises a memory unit
configured to store the mput dataset and the neural network weights, the second unit
comprises an analog to digital converter (ADC) unit, and the systern further comprises:

an analog nonlinearity unit arranged between the matrix multiplication unit and the
ADC unit, the analog nonlinearity unit being configured o receive the plurality of output
voltages from the matrix multiplication unit, apply a nonlinear transfer function, and output a
plurality of transformed output voltages to the ADC unit,

wherein the operations performed by the integrated circuitry of the controller further
comprise:

obtaining, from the ADC unit, a first plurality of transformed digitized cutput

voltages corresponding to the plurality of transformed output voltages, first plarality of
iransformed digitized output voltages formung a first fransformed digital output vector; and

storing, in the memaory unit, the first transformed digital output vector.
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30 The system of any of claims 1 to 29 in which the integrated circuitry of the controller
is configured to generate the first plurality of modulator control signals at a rate greater than

or equal to 8 GHz.

31 The system of any of claims 1 to 17 in which the first unit comprises a digital to
analog converter (DAC) unit, the second unit comprises an analog to digital converter (ADC)
unit, the matrix multiphication unit comprises:
an optical matrix multiplication unit coupled to the plurality of optical modulators and
the DAC unit, the optical matrix multiplication unit being configured to transform the optical
mput vector into an opiical output vector based on the plurality of weight control signals; and
a photodetection unit coupled to the optical matrix multiplication unit and configured

to generate a plurality of output voltages corresponding to the optical output vector.

32 The system of claim 31, further comprising;

an analog memory unit arranged between the DAC unit and the plurality of optical
modulators, the analog memory umit being configured to store analog voltages and to output
the stored analog voltages; and

an analog nonlinearity unit arranged between the photodetection unit and the ADC
unit, the analog nonlinearity unit being configured to recetve the plorality of output voltages
from the photodetection unit, apply a nonlinear transfer function, and cutput a plurality of

transformed ouiput voltages.

33. The system of claim 32 in which the analog memory unit comprises a plurality of
CapacHors.
34 The system of claim 32 or 33 in which the analog memory unit is configured o

recerve and store the plurality of transformed cutpui voltages of the analog nonlinearity unit,
and to output the stored plurality of transformed ouiput voltages to the plarality of optical
modulators, and

wherein the operations further comprise:
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based on generating the first plurality of modulator control signals and the first
plurality of weight control signals, storing, in the analog memory unit, the plurality of
transformed output voltages of the analog nonlinearity unii;

outputting, through the analog memory unit, the stored transformed output
voltages;

obtaining, from the ADC unit, a second plurality of transtformed digitized output
voltages, the second plurality of transformed digitized output volitages forming a second
transformed digital output vector; and

storing, in the memory unit, the second transformed digital output vector.

35 The system of claim 31 in which the systern comprises a memory unit configured to
store the input dataset and the neural network weights, the input dataset of the artificial
neural network computation request comprises a plurality of digital input vectors,
wherein the source 1s configured to generate a plurality of wavelengths,
wheremn the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurahity of wavelengths and
generating a respective optical input vector having a respective wavelength; and
an optical multiplexer configured to combine the plurality of optical input
vectors into a combined optical input vector comprising the plurality of wavelengths,
wherein the photodetection unit 1s further configured to demultiplex the plorality of
wavelengths and o generate a plurality of demultiplexed output voltages, and
wherein the operations comprise:
obtaining, from the ADC unit, a plurality of digitized demultiplexed optical
outputs, the plurality of digitized demultiplexed optical outputs forming a plurality of first
digiial cutput vectors, wherein each of the plurality of first digital sutput vectors corresponds
o one of the plurality of wavelengths;
performing a nonlinear transformation on each of the plurality of first digital
output vectors to generate a plurality of transformed first digital output vectors; and
storing, in the memory unit, the phlurality of transformed first digital output

vectors,
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wherein each of the plurality of digital mput vectors corresponds to one of the

plurality of optical input vectors.

36. The system of claim 1 in which the system comprises a memory unit configured to
store the input dataset and the neural network weights, the second unit comprises an analog
to digital converter {ADC) unit, and the artificial neural network computation request
comprises a plurality of digital input vectors,
wherein the source 1s configured to generate a plurahity of wavelengths,
wherein the plurality of optical modulators comprise:
banks of optical modulators configured to generate a plurality of optical input
vectors, each of the banks corresponding to one of the plurality of wavelengths and
generating a respective optical input vector having a respective wavelength; and
an optical multiplexer configured to combine the plurality of optical input
vectors into a combined optical mput vector comprising the plurality of wavelengths, and
wherein the operations comprise:
obtaming, from the ADC unit, a first plurality of digitized optical outputs
corresponding to the optical output vector comprising the plurality of wavelengths, the first
plurality of digitized optical outputs forming a first digital output vector;
performing a nonlinear transformation on the first digital output vector to
generate a first ransformed digital output vector; and

storing, 1 the memory unit, the first transformed digital output vector.

37. The system: of any of claims 1 to 36 in which the first unit comprises a digital to
analog converter (DAC) unit, the second unit comprises an analog to digital converter (ADC)
unit, and the DAC unit comprises;

a 1-bit DAC subunit configured to generate a plurality of 1-bit modulator control
signals,

wherein a resolution of the ADC unit s 1 bit,

wherein a resolution of the first digital input vector 18 N bits, and

wherein the operations comprise:
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decomposing the first digital input vector into N 1-bit iput vectors, each of
the N 1-bit input vectors corresponding to one of the N biis of the first digital input vector;

generating, through the 1-bit DAC subunit, a sequence of N 1-bit modulator
control signals corresponding to the N 1-bit input vectors;

obtamning, from the ADC unit, a sequence of N digitized 1-bit optical outputs
corresponding 1o the sequence of the N 1-bit modulator control signals;

constructing an N-bit digital output vector from the sequence of the N
digitized 1-bit optical outputs;

performing a nonlinear transformation on the constructed N-bit digital output
vector to generate a transformed N-bit digital output vector; and

storing, in the memory unit, the transformed N-bit digital output vector.

38 The system of any of claims 1 to 37 in which the systern comprises a memory unit
configured to store the input dataset and the neural network weights, and the memory unit
comprises:

a digital input vector memory configured to store the digital input vector and
comprising at least one SRAM; and

a neural network weights memory configured to store the plurality of neural

network weights and comprising at least one DRAM.

39, The system of any of claims 1 to 38 i which the first unit comprises a digital to
analog converter (BAC) unit that comprises:

a first DAC subunit configured to generate the plurality of modulator control
signals; and

a second DAC subunit configured to generate the plurality of weight control
signals,

wherein the first and second DAC subuniis are different.

40 The system of any of claims 1 to 39 in which the light source comprises:

a laser source configured to generate light; and
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an optical power splitter configured to split the light generated by the laser source
into the plurality of light outputs, wherein each of the plurality of light outputs have

substantially equal powers.

41, The system of any of claims 1 to 40 in which the plurality of optical modulators
comprises one of MZI modulators, ring resonator maodulators, or electro-absorption

modulators.

42, The system of claim 31, wherein the photodetection unit comprise:
a plurality of photodetectors; and
a plurality of amplifiers configured to convert photocurrents generated by the

photodetectors into the plurality of cutput voltages.

43, The system of any of claims 1 t¢ 42 m which the mntegrated circuitry 13 an application

spectfic integrated cireuit.

44, The apparatus of any of claims 1 and 18 to 21, comprising a plurality of optical
wavegiides coupled between the optical modulators and the matrix multiplication unit, in
which the optical mput vector comprises a set of multiple mput values that are encoded on
respeciive optical signals carried by the optical waveguides, and each of the optical signals
carried by one of the optical waveguides comprises an optical wave having a common

wavelength that is substantially identical for all of the optical signals.

45. The apparatus of any of claims 18 to 21 and 44 in which the copying modules include
at least one copying module comprising an optical splitter that sends a predetermined fraction
of the power of an optical wave at an input port to a first output port, and sends the remaining

fraction of the power of the optical wave at the input port to a second output port.

46. The apparatus of claim 45 in which the optical splitter comprises a waveguide optical
splitter that sends a predetermined fraction of the power of an optical wave guided by an

mput optical waveguide to a first output optical waveguide, and sends the remaining fraction
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of the power of the optical wave guided by the input optical waveguide to a second output

optical waveguide.

47. The apparatus of claim 46 in which a guided mode of the input optical waveguide is
adiabatically coupled to guided modes of each of the first and second output optical

waveguides.

48, The apparatus of any of claims 45 to 47 in which the optical splitter comprises a beam
splitter that includes at least one surface that transmits the predetermined fraction of the
power of the optical wave at the input port and reflects the remaining fraction of the power of

the optical wave at the imput port.

49, The apparatus of any of claims 44 to 48 in which at least one of the plurality of
optical waveguides comprises an optical fiber that 15 coupled to an optical coupler that

couples a gmnded mode of the optical fiber to a free-space propagation mode.

50 The apparatus of any of claims 1, 18 to 21, and 44 to 49 m which the multiplication
modules include at least one coherence-sensitive multiplication module configured to
multiply the one or more optical signals of the first subset by one or more matrix element
values using optical amplitude modulation based on interference between optical waves that
have a coherence length at least as long as a propagation distance through the coherence-

sensitive multiplication module.

51 The apparatus of claim 50 in which the coherence-sensitive multiplication module
comprises a Mach-Zehnder Interferometer (MZI) that splits an optical wave guided by an
mput optical waveguide into a first optical waveguide arm of the MZI and a second optical
waveguide arm of the MZ1, the first optical waveguide arm includes a phase shifter that
mmparts a relative phase shift with respect io a phase delay of the second optical waveguide
arm, and the MZ] combines optical waves from the first optical waveguide arm and the

second optical waveguide arm mto at least one output optical waveguide.
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52. The apparatus of claim 51 in which the MZ1 combines optical waves from the first
optical waveguide arm and the second optical waveguide arm into each of a first output
optical waveguide and a second output optical waveguide, a first photodetector receives an
opiical wave from the first output optical waveguide to generate a first photocurrent, a
second photodetector receives an optical wave from the second output optical waveguide to
generate a second photocurrent, and a result of the coherence-sensitive multiphication module

comprises a difference between the first photocurrent and the second photocurrent.

33 The apparatus of any of claims 50 to 52 in which the coherence-sensitive
moultiplication module comprises one or more ring resonators, including at least one ring
resonator coupled to a first optical waveguide and at least one ring resonator coupledto a

second optical waveguide.

54, The apparatus of claim 53 in which a first photodetector receives an optical wave
from the first optical waveguide to generate a first photocurrent, a second photodetector
receives an optical wave from the second optical waveguide to generate a second
photocurrent, and a result of the coherence-sensitive multiplication module comprises a

difference between the first photocurrent and the second photocurrent,

SS. The apparatus of any of claims 1, 18 to 21, and 44 to 54 m which the multiplication
modules mclude at least one coherence-mnsensitive multiphication module configured to
mutltiply the one or more optical signals of the first subset by one or more matrix element
values using optical amplitude modulation based on absorption of energy within an optical

wave.

56. The apparatus of claim 55, wherein the coherence-insensitive multiplication module

comprises an electro-absorption modulator.

57. The apparatus of any of claims 1, 18 to 21, and 44 to 56 in which the one or more
summation modules include at least one summation module comprising: (1) two or more

mput conductors that each carries an electrical signal in the form of an input current whose
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amplitude represents a respective result of a respective one of the multiplication modules,
and (2) at least one output conductor that carries the electrical signal that represents the sum
of the respective results in the form of an output current that is proportional to the sum of the

mput currents.

58, The apparatus of claim 57, wherein the two or more 1nput conductors and the output
conductor comprise wires that meet at one or more junctions among the wires, and the output

current 1s substantially equal to the sum of the input currents.

59. The apparatus of claim 57 or 58, wherein at least a first input current of the input
currents 1s provided in the form of at least one photocurrent generated by at least one
photodetector that receives an optical signal generated by a first multiplication module of the

multiplication modules.

60. The apparatus of claim 59, wherein the first input current 13 provided in the form of a
difference between two photocurrents generated by different respective photodetectors that

receive different respective optical signals both generated by the first multiphication module.

61, The apparatus of any of claims 1 to 60, wherem one of the copies of the first subset of
one or more optical signals consists of a single optical signal on which one of the input

values 15 encoded.

62. The apparatus of claim 61, wherein the multiplication module corresponding to the

copy of the first subset muliiplies the encoded input value by a single matrix element value.

63. The apparatus of any of claims 1, 18 to 21, and 44 to 62 in which one of the copies of
the first subset of one or more optical signals includes more than one of the optical signals,

and fewer than all of the optical signals, on which multiple input values are encoded.
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64 The apparatus of claim 63, wherein the multiplication module corresponding to the
copy of the first subset multiplies the encoded input values by different respective matrix

element values.

65. The apparatus of claim 64, wherein different multiplication modules corresponding to
different respective copies of the first subset of one or more optical signals are contained by
different devices that are in optical communication to transmit one of the copies of the first

subset of one or more optical signals between the different devices.

56, The apparatus of any of claims 1, 18 to 21, and 44 to 65 in which two or more of the
plurality of optical waveguides, two or ore of the plurality of copying modules, two or
more of the plurality of multiplication modules, and at least one of the one or more

summation modules are arranged on a substrate of a comumon device.

67, The apparatus of claim 66, wherein the device performs vector-matrix multiplication,
wheremn an mput vector is provided as a set of optical signals, and an output vector 1s

provided as a set of electrical signals.

68. The apparatus of any of claims 1, 18 to 21, and 44 to 67, further comprising an
accumudator that integrates an input electrical signal corresponding to an output of a
multiplication module or 2 summation module, wherein the input electrical signal is encoded
using a time domain encoding that uses on-off amplitude moduiation within each of multiple
time slots, and the accumulator produces an ouiput electrical signal that is encoded with more
than two amplitude levels corresponding to different duty cycles of the time domain

encoding over the meltiple time slots.

69. The apparatus of any of claims 1, 18 to 21, and 44 to 68, wherein the two or more of
the multiphication modules each correspond to a different subset of one or more optical

signals.
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70. The apparatus of any of claims 1, 18 to 21, and 44 to 69, turther comprising, for each
copy of a second subset of one or more optical signals, different from the optical signals in
the first subset of one or more optical signals, a multiplication module configured to multiply
the one or more optical signals of the second subset by one or more matrix element values

using optical amplitude modulation.





