WO 2021/231794 PCT/US2021/032338

SUPER ISING EMULATOR WITH MULTI-BODY INTERACTIONS AND ALL-TO-ALL
CONNECTIONS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to and the benefit of U.S. Provisional Patent
Application No. 63/024,257, filed in the United States Patent and Trademark Office on

May 13, 2020, the entire content of which is incorporated by reference herein.

FIELD
[0002] Aspects of embodiments of the present disclosure are generally related to
processing systems for solving combinatorial optimization problems and methods of

using the same.

BACKGROUND

[0003] Photonic systems are currently being used to find the approximate ground
states of the complex system such as a fast coherent ising machine in a fiber looped
optical parametric oscillator cavity with temporally multiplexed pulses, albeit with
limited spin numbers or relying on photodetection and electronic feedback to emulate
the spin-spin interaction. Also, a linear-optical ising machine based on spatial light
modulation was shown to subtend about 80,000 spins by coding them as the binary
phases of pixels on a spatial light modulator (SLM). However, this machine is limited
to only two-body interactions. Yet, there are physical systems and numeric models
whose dynamics cannot be fully captured by two-body interactions, and proper
descriptions of multi-body interaction are required, such as k-SAT (k-satisfiability)
problems. This poses a significant computational challenge, whose complexity and
volume exceeds by far that of ising problems with only two-body interaction, even for a

moderate number of spins.
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[0004] The above information disclosed in this Background section is only for
enhancement of understanding of the present disclosure, and therefore it may contain
information that does not form the prior art that is already known to a person of

ordinary skill in the art.

SUMMARY

[0005] Aspects of embodiments of the present disclosure relate to systems and
methods for emulating an ising machine and capable of supporting simultaneously
high connectivity, multi-body interaction, and a large number of spins.

[0006] According to some embodiments of the present invention, there is provided
an optical computation system including: a light source configured to produce a pump
beam; an optical modulator configured to receive a modulation mask and to modulate
the pump beam based on the modulation mask to generate a modulated beam; a non-
linear medium configured to convert a portion of the modulated beam to a second
harmonic (SH) beam and to produce an output including the SH beam and an
unconverted portion of the pump beam; and a dichroic mirror configured to receive the
output of the non-linear medium and to decouple the SH beam and the unconverted
portion of the pump beam; a detector configured to detect a first optical power of the
unconverted portion of the pump beam and to detect a second optical power of the SH
beam; and a controller configured to generate an updated modulation mask based on
the first and second optical powers for transmission to the optical modulator.

[0007] In some embodiments, the optical modulator includes a spatial light
modulator that is configured to modulate phases of wavelets of the pump beam to
generate the modulated beam.

[0008] In some embodiments, the modulation mask is a random binary phase
pattern.

[0009] In some embodiments, the spatial light modulator is configured to modulate

phases of wavelets of the pump beam by encoding a phase of each one of the
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wavelets as either a first phase or a second phase based on the modulation mask, and
the first and second phases are 180 degrees apart.

[0010] In some embodiments, the optical modulator includes a digital micromirror
device that is configured to modulate intensities of wavelets of the pump beam to
generate the modulated beam.

[0011] In some embodiments, the optical computation system further includes: a
first lens configured to focus the modulated beam inside of the non-linear medium; and
a second lens configured to collimate the output of the non-linear medium onto the
dichroic mirror.

[0012] In some embodiments, the detector includes: a first photodetector configured
to detect the first optical power of the unconverted portion of the pump beam; and a
second photodetector configured to detect the second optical power of the SH beam,
and wherein the non-linear medium includes a periodic-poled lithium niobate crystal.
[0013] In some embodiments, the modulation mask includes a plurality of pixels,
and the controller is configured to identify a cluster of the pixels based on the first and
second optical powers, and to generate the updated modulation mask by inverting
pixels of the cluster of the pixels.

[0014] According to some embodiments of the present invention, there is provided a
method of controlling an optical computation system to determine an approximate
ground state of a system energy, the method including: driving a light source to
generate a pump beam; generating a phase mask; applying the phase mask to a
spatial light modulator to modulate phases of wavelets of the pump beam to generate
a modulated beam based on the phase mask; and receiving a first optical power of the
pump beam and a second optical power of a second harmonic (SH) beam generated
based on the pump beam from a detector, wherein the generating the phase mask
includes: identifying a cluster of the phase mask; determining a current system energy
based on the first optical powers; determining whether to update the phase mask

based at least on the system energy and a previous minimum system energy; and in
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response to determining to update the phase mask, updating the phase mask based
on the cluster of the phase mask.

[0015] In some embodiments, the generating the phase mask further includes: in
response to determining not to update the phase mask, identifying a lesser of the
current system energy and the previous minimum system energy as the approximate
ground state.

[0016] In some embodiments, the generating the phase mask further includes:
identifying a thermal energy; calculating a change in system energy based on the
current system energy and the previous minimum system energy; and determining a
boltzmann probability based on the change in system energy and the thermal energy,
and the determining whether to update the phase mask is further based on the
boltzmann probability.

[0017] In some embodiments, the determining whether to update the phase mask
includes: determining that a feedback iteration count is less than a threshold,;
determining to update the phase mask.

[0018] According to some embodiments of the present invention, there is provided
an optical computation system including: a light source configured to produce a pump
beam; an optical modulator configured to receive a modulation mask and to modulate
the pump beam based on the modulation mask to generate a modulated beam; a non-
linear medium configured to convert a portion of the modulated beam to a second
harmonic (SH) beam and to produce an output including the SH beam and an
unconverted portion of the pump beam; and a dichroic mirror configured to receive the
output of the non-linear medium and to decouple the SH beam and the unconverted
portion of the pump beam; a first camera configured to capture the unconverted portion
of the pump beam and to generate a first intensity matrix; a second camera configured
to capture the unconverted portion of the pump beam and to generate a second

intensity matrix; and a controller configured to generate an updated modulation mask
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based on at least one of the first and second intensity matrices for transmission to the
optical modulator.

[0019] In some embodiments, the optical modulator includes a spatial light
modulator that is configured to modulate phases of wavelets of the pump beam to
generate the modulated beam, and the modulation mask is a binary phase pattern.
[0020] In some embodiments, the spatial light modulator is configured to modulate
phases of wavelets of the pump beam by encoding a phase of each one of the
wavelets as either a first phase or a second phase based on the modulation mask, and
the first and second phases are 180 degrees apart.

[0021] In some embodiments, the optical modulator includes a digital micromirror
device that is configured to modulate intensities of wavelets of the pump beam to
generate the modulated beam.

[0022] In some embodiments, the controller is configured to generate the updated
modulation mask by: determining a camera state as the first intensity matrix, the
second intensity matrix, or a weighted sum of the first and second intensity matrices;
and determining the updated modulation mask based on the modulation mask and the
camera state.

[0023] In some embodiments, the determining the updated modulation mask based
on the modulation mask and the camera state includes: determining the updated
modulation mask as a difference between the modulation mask and a multiplication of
the camera state and a feedback step size.

[0024] In some embodiments, the pump beam includes a gaussian pulse of a train
of gaussian pulses generated by the light source, and the feedback step size
corresponds to a periodicity of the train of gaussian pulses.

[0025] In some embodiments, the controller is configured to adaptively adjust the
feedback step size prior to generating the updated modulation mask.

[0026] According to some embodiments of the present invention, there is provided

an optical computing system including: an optical amplifier configured to generate a
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pump beam with a flat phase front; a degenerate optical parametric amplifier
configured to generate a signal of double wavelength in small wavelets based on the
pump beam; an optical filter configured to filter the pump beam from the signal; an
optical beam splitter configured to read out a fraction of the signal; an nonlinear optical
crystal configured to generate second-harmonic light based on the signal; a first dual-
band reflector configured to separate the signal and the second-harmonic light; an
optical receiver configured to couple the second-harmonic light into the optical
amplifier; and a second dual-band reflector configured to combine the signal and
second-harmonic light into the degenerate optical parametric amplifier.

[0027] In some embodiments, the optical computing system further includes: a first
fourier lens configured to focus the signal into the nonlinear optical crystal for
generation of second-harmonic light; and a second fourier lens between the first and
second dual-band reflectors and configured to defocus the signal.

[0028] In some embodiments, each of the first and second dual-band reflectors
includes a dichroic mirror or an optical filter.

[0029] In some embodiments, as the signal continuously traverses the optical
computing system, an optical gain of the optical amplifier is increased until optical
parametric oscillation occurs.

[0030] In some embodiments, the optical computing system further includes a first
optical modulator between the degenerate optical parametric amplifier and the
nonlinear optical crystal and configured to modulate the signal prior to the signal
reaching the nonlinear optical crystal to change an effective four-body interaction
Hamiltonian of the optical computing system.

[0031] In some embodiments, the optical computing system further includes a
second optical modulator between the nonlinear optical crystal and the optical receiver
and configured to modulate the second-harmonic light to change an effective four-body

interaction Hamiltonian of the optical computing system.
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[0032] According to some embodiments of the present invention, there is provided
an optical computing system including: an optical amplifier configured to generate an
amplified signal with a flat phase front; an nonlinear optical device configured to
receive the amplified signal and to generate a pump beam through second-harmonic
generation based on the amplified signal; a degenerate optical parametric amplifier
configured to generate a signal of double wavelength in small wavelets based on the
pump beam; an optical filter configured to filter the pump beam from the signal; a first
optical beam splitter configured to read out a fraction of the signal; a second optical
beam splitter configured to direct a first portion of the signal to an optical modulator for
modulation of the portion of the signal and to direct a second portion of the signal to a
dichroic mirror; and an optical receiver configured to couple the modulated first portion
of the signal into the optical amplifier to generate the amplified signal, wherein the
dichroic mirror is configured to combine the second portion of the signal with the pump
beam and into the degenerate optical parametric amplifier.

[0033] In some embodiments, the optical modulator includes a spatial light
modulator or a digital micromirror device, and the nonlinear optical device includes a

nonlinear optical crystal or an optical waveguide.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] The accompanying drawings, together with the specification, illustrate
example embodiments of the present disclosure, and, together with the description,
serve to explain the principles of the present disclosure.

[0035] FIG. 1 illustrates an optical computation system, according to some

embodiments of the present disclosure.
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[0036] FIG. 2 illustrates a process of controlling the optical computation system to
identify an approximate ground state of a system energy, according to some
embodiments of the present disclosure.

[0037] FIGS. 3-6 are graphs illustrating the capability of the optical computation
system to evolve its output into the vicinity of its energy ground state, according to
some example embodiments of the present disclosure.

[0038] FIG. 7 illustrates an optical computation system utilizing a self-relaxing
feedback mechanism, according to some embodiments of the present disclosure.
[0039] FIG. 8 illustrates an example of state updating by the controller, according to
some embodiments of the present disclosure.

[0040] FIGS. 9A-9B and 10 illustrate optical computation systems utilizing optical
feedback, according to some embodiments of the present disclosure.

[0041] FIGS. 11(a)-11(c) illustrate a graph being partitioned in an ising model,

according to some embodiments of the present disclosure.

DETAILED DESCRIPTION

[0042] The detailed description set forth below is intended as a description of
example embodiments of systems and methods for emulating an ising machine for
solving impossible or difficult to solve combinatorial optimization problems, provided in
accordance with the present disclosure, and is not intended to represent the only forms
in which the present disclosure may be constructed or utilized. The description sets
forth the features of the present disclosure in connection with the illustrated
embodiments. It is to be understood, however, that the same or equivalent functions
and structures may be accomplished by different embodiments that are also intended
to be encompassed within the scope of the disclosure. As denoted elsewhere herein,
like element numbers are intended to indicate like elements or features.

[0043] Throughout the specification, terms may have nuanced meanings suggested

or implied in context beyond an explicitly stated meaning.
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[0044] The present invention relates to an optical computation system/ising
machine that can solve many combinatorial optimization problems, which are
impossible or difficult to solve using existing modern-day computers. More particularly,
it relates to machines that can solve combinatorial optimization problems in areas such
as in life sciences for protein folding and drug discovery, in sociology to study the
influence of social networking, in grapy theory to find the cut with maximum number of
edges (MAX-CUT), and in computer science to determine the Boolean satisfiability (k-
SAT). More generally, the present invention relates to non-deterministic, polynomial,
time-hard problems, such as those above, that are rooted in multi-body interactions.
[0045] According to some embodiments, the systems and methods of the present
disclosure are directed to an optical computation system (also referred to herein, as an
ising machine/emulator) capable of adjustable two-body interaction, four-body
interaction, with all-to-all connections over a large number of spins to host the ising
machine. The energy (e.g., chemical potential) of each spin and their collective
contribution to the total energy can be flexibly controlled using spatial light modulator
(SLM). The optical measurement of the pump power and its second harmonic (SH)
power can emulate the two-body and four-body interactions, respectively. A monte-
carlo based adaptive feedback controller is utilized to evolve the effective spin system
to find an approximate ground state solution of a given ising problem. The high-order,
many-body interaction emulated by the systems of the present disclosure can also
serve as powerful activation functions for optical machine learning. The main
computing tasks such as matrix multiplication, Fourier transformation, and four-body
interactions, are performed via or emulated by nonlinear optical systems. The present
ising emulator may pave a pathway to otherwise inaccessible territories of big data
analytics and quantum simulation.

[0046] According to some embodiments, the optical computation system includes a
nonlinear optical system capable of emulating ising machines containing a very large

number of spins, for example, a million spins or higher. The optical computation
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system is capable of manipulating two and four-body interactions with all-to-all
connections. It utilizes a spatial light modulator to encode and control the spins in the
form of the binary phase values of wavelets in coherent laser beams and emulates the
high-order interaction with frequency conversion in a nonlinear crystal at the fourier
plane. Through adaptive feedback control, the system can be evolved into effective
spin configurations that well approximate the ground states of ising Hamiltonians with
all-to-all connected many-body interactions.

[0047] In effect, the optical computation system encodes a given many-body
problem using a laser and spatial light modulator, and performs computing operations,
such as fourier transform, matrix multiplication, and nonlinear interactions, by the
optical elements and nonlinear processes performed by them. The optical
computation system uses single-mode optical fibers connected with optical power-
meters or cameras to perform measurements, and uses the detected signals to provide
adaptive feedback (e.g., via monte-carlo spin flipping) to evolve the system. The
optical computation system includes a laser, a spatial light modulator, optical elements,
a nonlinear crystal, single mode fibers, and one or more cameras and/or power-
meters.

[0048] FIG. 1 illustrates an optical computation system 100, according to some
embodiments of the present disclosure.

[0049] The optical computation system 100 (also referred to as an optically-based
computation system) may be a nonlinear optical ising machine capable of emulating
chemical potential, two-body interactions, and four-body interactions over a large
number of spins. Thus, the optical computation system is one in which a photonic
beam is manipulated in performance of a computation.

[00560] According to some embodiments, the optical computation system (e.g., ising
emulator) 100 includes a light source (e.g., a laser) 102, a spatial light modulator
(SLM) 104, a non-linear medium (e.g., a periodic-poled lithium niobate (PPLN) crystal)

1086, a dichroic mirror 108, a detector 110, and a controller 112.
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[0051] The light source 102 is configured to produce the gaussian pump beam that
is input to the SLM 104. In some examples, the light source 102 generates an optical
pulse train. The transverse FWHM of the pump beam incident on the SLM 104 may be
about 2.6 mm or a different value, depending on the size of SLM 104.

[0052] The SLM 104 is configured to receive a modulation mask (e.g., a phase
mask) and to modulate phases of wavelets of the pump beam to generate modulated
(e.g., spatially modulated) wavelets based on the phase mask. In some examples, the
SLM 104 may have a high enough resolution (e.g., 1440 x1050 pixels) to encode a
phase mask of over a million pixels/spins onto the gaussian beam. In some
embodiments, the phase mask is a binary phase mask with each pixel corresponding
to a phase value of 0 or . In some embodiments, the optical computation system 100
further includes a first lens 105 (e.g., a focusing lens having a focal length of about 200
mm) that is configured to focus the modulated beams inside (e.g., near the center) of
the non-linear medium 106.

[0053] In some embodiments, the non-linear medium 106, which may be a
temperature-stabilized PPLN crystal, is configured to perform a non-linear process to
generate a secondary harmonic (SH) beam based on the modulated pump beam. The
SH generation realizes the effective interactions between the spins. In some
examples, the PPLN crystal may have a poling period of about 19.36 um and a length
of about 1 cm for the SH generation. The pump beam waist inside the crystal may be
about 45 um.

[0054] The optical computation system utilizes a second lens (e.g., a collimation
lens) 107 to collimate (e.g., align) the SH beam and the remaining pump beam (i.e.,
the unconverted pump beam) output by the non-linear medium 106 onto the dichroic
mirror 108. In some embodiments, the dichroic mirror 108 (or dual-wavelength
reflector) is configured to filter the collimated output of the non-linear medium 106 to
decouple (e.g., spatially separate) the SH beam and the remaining/unconverted pump

beam, which may be coupled into single-mode fibers (SMFs) 109a and 109b using
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fiber couplers/collimators (e.g., aspheric lenses) 111a and 111b. In some
embodiments, the detector 110 includes two optical power meters (e.g., photodiodes)
110a and 110b respectively coupled to the SMFs 109a and 109b, which separately
measure the optical power of the SH beam and the remaining pump beam.

[00565] In some embodiments, the optical computation system uses the measured
pump power to emulate the energy associated with two-body (i.e., spin-spin)
interaction, and the measured SH power is used to capture the four-body interaction
among spins. The total potential energy (e.g., total chemical potential energy) is the
weighted sum of all spins encoded at the SLM 104. The controller 112 then updates
the phase mask at the SLM 104 based on the measure pump and SH powers to
iteratively find the optimum ground state solution, or an approximation thereof, of the
ising problem being emulated by the optical computation system 100.

[0056] According to some embodiment, the detector 110 measures the spatial
optical power of the pump and SH beams using two CCD cameras with many pixels.
The controller 112 then uses the CCD camera results an input to the next iterative step
on the SLM 104.

[0057] In other embodiments, the feedback control is implemented using an optical
loop and the spatial light modulator is replaced by a nonlinear optical device.

[0058] The effective Hamiltonian of the optical computation system is expressed as:
[0059] H =aH, +pBH,+yH,, Eq(1)
[0060] where o, B, and y are adjustable parameters of the Hamiltonians, H,, H, and
H, represents the chemical potential, two-body interaction and four-body interaction,

respectively. These can be expressed as

[0061]  H, =3, uS, Eq(2)
[0062] H, =YL, Y},J;5:S5; and Ea(3)
[0063] H4 = Iiv=1 Z?’=1 Zfs\]:l ITV=1]ijsr SAiS‘\jS‘sSAr- Eq(4)

[0064] Here, the light source 102 produces a gaussian pump beam of wavelength

Ap with peak amplitude Eg, and beam waist wp. The pump beam incident on a SLM

-12-



WO 2021/231794 PCT/US2021/032338

104 whose phase mask consists of m x n pixels (m, n) centered around (x,,, vy,). The

transverse electric field immediately after the SLM 104 is
1

[0065]  E,(x',y") = By, Tt amnfmnazn(%)n(%), Eq(5)
;2

[0066] where ¢, = E, exp[ M] is the amplitude at pixel (m, n), I is the

rectangular function of width a, and omn = *1 (binary phase modulation).

[0067] A fourier lens of focal length F can transform the electric field at the center of
a periodic-poled lithium niobate (PPLN) crystal of length L. It gives

[0068] E,(x,y,z=0)= 2*:1 le Omn EmnVimn SiNC (ﬂp)smc (f )exp(uc z),

[0069] Eq (B)
[0070] where, v, = exp( —2mi ”’;%) kp = 2mnp/Ap, and ny is the refractive
index of the pump in the PPLN crystal. As only near-axis light is coupled into the
SMFs 109a and 109b, it makes the sinc(axm/Apf) = sinc(ayn/Apf) ~ 1, and
simplifies the above equation as

[0071] E (x V,7) = Z §V11 Omn EmnVmn €Xp(ikyZ). Eq(7)
[0072]

[0073] By using contracted notations §;—p+(n-1)n, = Emns @NA Oi—msm-1)n, = Omn,
were introduced to simplify the double summation in the above equation, where i =
1,2,...Nwith N = N; x N, spins, Equation 7 may be expressed as

[0074] E,(x,y,2) = X}, 0, &v; exp(ik,z). Eq(8)
[0075] The dynamics of the pump and the SH beams, inside the non-linear medium

106, may be evaluated by following equations

OE. 1 62 2

[0076] == E(@Jray )E —l— xPE; Esyexp(ibiz), Eq(9)
JE 1 a2 a° .

[0077] 4 (% + ayZ)ESH =i 1 X PEjexp(~itkz), Eq(10)

[0078] where kgy = 2w ngy/Asy = nsywsy/c is the wave number of the SH light in
the crystal with refractive index ngy, wsy is the frequency of the SH light, and Ax =

2K, — Ksy

» — 2m /A is the phase mismatching, with poling period A. Assuming a phase

matching condition with an undepleted pump and negligibly small diffraction,
L L
[0079] E, (x, y.2) = AE; (xy,-%) Eq(11)
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[0080] where A=ikgyx @ L/(2n2,). At the output of the non-linear medium 1086, the
pump and SH waves are each coupled into a single mode fiber and detected by the
optical power meters (e.g., photodiodes) 110a and 110b. The optical powers of the

pump and SH waves are

2
[0081] B, = |[f Ep(x.y) Efyy, dxdy]”, Eq(12)
[0082] and

2
[0083] P, = |ff En(x,y) E}}b dxdy| , Eq(13)

[0084] respectively, where EP* = \/E L Exp (— xZ;y - ) are the normalized back-

ib bR z
n Wb (whiy
propagated fiber modes with beam waists w}’iband w}lib, respectively.

[0085] Hence, the detected optical power of the pump wave and the SH waves are

[0086] P, = 2n(w},) IV, I, &8¢/ 7€/ 0,0, Eq(14)
[0087] and

[0088] P, = 2rn(w}y,) A2 T, B0, S SN 6,606,600, 050, 0, Eq(15)
[0089] where &/ . = exp [— (%)2 (x!, 2 +y7’n2)] and

h o2
ib TWF;
€L e ny—ms—g v —ky = €XP [—< J:) {Gom +x)? + (n + y.l’c)z}]-

[0090] Thus:

[0091] P, =3, %Y, /00 Eq(16)
[0092] and

[0093] P, =X, 2V 2 XN Jijsr 0; 0 05 O, Eq(17)
[0094]  where J;; = 2n(w},) 66,6/ €/ and Jyjr = 2m(wh, ) A28 6,6,6 L0 €] P are

the two-body, and four-body interaction terms, respectively.

[0095] Here, the total energy of the system, including all of the spins and their two-
body and four-body interactions, can be characterized by the single parameter defined
as

[0096] E =aC +pF, +vPy, Eq(18)
[0097] where «a, 8, and y are free parameters defining the contribution of the

chemical potential, two-body, and four-body interaction energy, respectively. By
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appropriately setting the free parameters, the optical computation system 100 may
model an ising problem. C=Y¥ . u,0; is the weighted sum of spins that represents the
chemical energy, with the local chemical potential i; € [-1,1]. Equation (18) is
equivalent to the effective Hamiltonian defined in Eq. (1) of the system to find the
ground state solution. The magnetization of the system can be defined as M =

N 0;/N. To find the minimum or an approximation of the minimum of the total
energy of the system, the controller 112 iteratively updates (e.g., optimizes) the phase
mask at the SLM 104 through adaptive feedback.
[0098] FIG. 2 illustrates a process 200 of controlling the optical computation system
100 to identify an approximate ground state of a system energy, according to some
embodiments of the present disclosure. It should be understood that the sequence of
steps of the process is not fixed, and can be modified, changed in order, performed
differently, performed sequentially, concurrently, or simultaneously, or altered into any
desired sequence, as recognized by a person of skill in the art.
[0099] At block 202, the controller 112 drives the light source 102 to generate a
primary pump beam, generates an initial phase mask, which may be a random binary
phase mask, and applies the initial phase mask to the SLM 104 to modulate phases of
wavelets of the pump beam to generate a modulated beam based on the initial phase
mask.
[00100] At block 204, the controller 112 defines the energy of the system being
emulated by the optical computation system 100 via Equation 18. In so doing, the
controller 112 determines the free parameters a, 8, and y to respectively define the
contributions of the chemical potential, two-body, and four-body interaction energy, in
order to model the ising problem being emulated by the optical computation system
100.
[00101] At block 208, the controller 112 defines (e.g., randomly choses) a cluster of
pixels in the phase mask having a size s and a thermal energy ¢ of the system. In

some embodiments, the phase mask may have a square or rectangular shape with s
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pixels. However, embodiments of the present disclosure are not limited thereto, and
the cluster may have any suitable shape. Here, the thermal energy ¢ may simply be a
parameter for this optimization algorithm and may not be a physical quantity.

[00102] At block 208, the controller 112 receives a first optical power of the primary
pump beam and a second optical power of the SH beam from the detector 110.
[00103] At block 210, the controller 112 determines a current system energy Enew
using Equation 18 and based on the first and second optical powers and the free
parameters «, B, and y determined at block 204. The controller 112 calculates a
change in system energy U as the difference between the current system energy and a
previous minimum system energy Eoq (U = E e — Egig). The controller 112 further
determines a Boltzmann's probability P = exp(—U /7).

[00104] At blocks 212 and 214, the controller 112 determines whether to update the
phase mask at the SLM or not. In so doing, at block 212, the controller checks
whether an optimization criterion based on the current system energy and the
Boltzmann’s probability is satisfied. The criterion is satisfied when the change in
system energy U is negative (i.e., the current system energy Enew is the lowest system
energy calculated thus far) or if the Boltzmann’s probability P is greater than a random
variable F, which is a real value between 0 and 1. When neither of these conditions is
met, the controller 112 determines to update the new phase mask, at block 216. In so
doing, the controller 112 generates a new phase mask by flipping the spins in the
randomly chosen cluster of size s (block 206) of the previous phase mask. When the
optimization criterion is met, the controller also determines whether the number of
iterations (e.g., the feedback iteration count) is less than a threshold (e.g., 1200). If so,
the controller 112 proceeds to update the phase mask at block 216.

[00105] When the controller 112 determines not to further update the phase mask, at
block 218, the controller 112 collects the results to identify a lesser of the current
system energy and the previous minimum system energy as the approximate ground

state.
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[00106] Thus, to reduce (e.g., minimize) the total energy, the controller 112
adaptively flips all spins within a randomly chosen cluster of size s, following the Monte
Carlo approach. In each iteration, the flipped spins are accepted or rejected according
to the energy change function U and Boltzmann’s probability P = exp(—U /7), where

U = E,., — Ey 4 1S the change in energy due to the spin flipping and t is the thermal
energy. In order to avoid trapping in a local minimum, both the cluster size s and the
thermal energy during iterations are varied.

[00107] FIGS. 3-6 are graphs illustrating the capability of the optical computation
system 100 to evolve its output into the vicinity of its energy ground state, according to
some example embodiments of the present disclosure.

[00108] FIG. 3 illustrates the results for purely four-body interactions and all-to-all
connections with 800x800 spins, that is, « = 0 and B = 0 (see, Equation 18). FIG. 3(a)
plots the SH beam power evolution for y = —1, for which the system’s ground state
correspond to the maximum SH power. In this case, the system exhibits a
ferromagnetic-like behavior. Conversely, FIG. 3(b) plots the evolution of the SH power
for y = 1, to find the ground state by minimizing the SH power. The minimum
detectable SH power is close to the limit of the optical sensor (~5 nW). In this
example, the system evolves into a paramagnetic-like state. In both FIGS. 3(a) and
3(b), the system evolves to find the ground state solution even though the data
displayed in the figures start with different initial phase masks (corresponding to
different random spin configurations). This shows that a machine made in accordance
with an embodiment of the present invention can reliably and efficiently evolve into the
vicinity of its ground state.

[00109] FIG. 4 illustrates two-body interactions and all-to-all connections with
800%800 spins, thatis, @ =0, 8 = —1, and y = 0. FIG. 4(a) shows the evolution of the
pump optical power. As the pump power increases, it evolves the system to minimize
the total energy E. FIG. 4(b) shows the evolution of the magnetization M. With a = 0,

there is spontaneous symmetry breaking, as the system energy remains unchanged if
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all spins are flipped. As such, the feedback control will optimize the spins toward either
positive or negative magnetic states with equal probability. This is clear in Fig. 4(b),
where the magnetization trends both ways.

[00110] FIG. 5 illustrates the measurement results with e = -1, § = —1,andy = -1
for optimization of 800x800 spins. The results are shown in log scale of power vs
iteration number. FIGS. 5(a) and 5(b) plot the evolution of the SH and pump powers
for four different initial phase masks. FIG. 5(c) plots the corresponding magnetization
of the system. FIG. 5(d) shows the initial and final phase masks, where the black and
white pixels indicate the positive and negative orientated spins, respectively. FIG.
5(d)(1)-(4) represents the evaluation of the SH and pump powers with different input
binary spin configurations. In all cases, these results show that the optical powers of
the pump and its SH are converging to the optimum value which belongs to the ground
state solution of a given ising problem.

[00111] FIG. 6 illustrates the results witha = 1, 8 = —0.5, and y = —1. FIGS. 6(a)
and 6(b) show the evolution of the pump and SH powers, respectively, and FIG. 6(c)
plots the corresponding magnetization of the system. As the pump and SH powers
both increase with the iteration numbers, the magnetization acquires the optimization
values in the negative direction. FIG. 6(d) shows the initial and final phase mask
patterns, where the black and white regions of the phase mask patterns are the
positive and negative orientated spins, respectively. FIG. 6(d)(1)-(3) represents the
evaluation of the SH and pump powers with different input binary phase masks. These
results show that the optical ising machine can find the approximate ground state
solution of a given ising problem.

[00112] FIG. 7 illustrates an optical computation system 700 utilizing a self-relaxing
feedback mechanism, according to some embodiments of the present disclosure. The
system 700 of FIG. 7 is substantially similar to the system 100 of FIG. 1, except for the

modulator 704, the cameras 710a and 710b, and the controller 712. As such, for ease
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of description, components common to both systems 100 and 700 may not be
described again herein.

[00113] Referring to FIG. 7, according to some embodiments, the gaussian pump
laser beam (e.g., at wavelength 1551.5 nm) is incident on the modulator 704, which
may be the SLM 104 for modulating the phase of the incident pump beam, or may be a
digital micromirror device (DMD) for modulating the intensity of the incident pump
beam. The dichroic mirror 108 is installed to split the SH light (e.g., at wavelength
775.75 nm) from the unconverted/remaining pump beam (which may be ab infrared
beam). In some embodiments, a first camera 710a (e.g., an infrared camera) captures
the intensity of the unconverted/remaining pump beam from the dichroic mirror 108
and a second camera 710b (e.g., a visible light camera) captures the intensity of the
SH beam from the dichroic mirror 108. The SH light captured by the second camera
710b can mimic a variety of four-body interaction Hamiltonian. The intensity
matrix/pattern as captured by the matrix of pixels at the second camera 710b can be
written as:

[00114]  I,(x,y) = 2}, XYq 281 201 Jijsr 0:0; 050y Eq(19)
[00115] where ]i’jsr is the four-body interaction strength. Meanwhile, the
unconverted light captured by the first camera 710a can emulate a two-body
interaction with the intensity matrix/pattern at the first camera being:

[00116] I,(x,y) = X, X1 Jij0i0;. Eq(20)
[00117] The two cameras can work individually or their weighted sum, al,(x,y) +
Bl,(x,y) can be calculated to implement a self-relaxing feedback. The intensity
reading at each pixel of the cameras 710a and 710b is a quantized greyscale value.
The controller 712 processes the images (or intensity matrices) from the cameras 710a
and 710b and controls the modulator (e.g., SLM or DMD) 704 to update a phase or
intensity mask at the modulator 704 with new phase or intensity information.

[00118] According to some embodiments, the optical computation system 700

incorporates four-body interaction into an optical loop to form a self-relaxing ising
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machine, which can automatically evolve into a desirable spin configuration. In so
doing, the optical computation system 700 utilizes the imaginary time evolution of a
quantum system to realize the self-relaxing feedback. To illustrate this, assuming the
phase/intensity information/state at the modulator 704 at time t = 0 is |(0)) and the
Hamiltonian of the whole system 700 is H (including phase/intensity modulation, beam
propagation through optics, second harmonic generation, intensity measurement on
camera, and any numeric processing of the pixel values), the state at time { is

[00119] (1)) = e~He[y(0)). Eq(21)
[00120] From a mathematic point of view, the real-value time t can be replaced by
an imagery value —it. Then, the state will be |(—it)) = e " HED|(0)) = e HE|p(0)).
The initial state [¢(0)) is a random state, which is a linear combination of different
eigenstates, |Y(0)) = X, c,|n). Therefore, the state at time t may be expressed as
[00121]  [(D)) = e " |(0)) = X cne™ Pt [n). Eq(21)
[00122] It is known that the lower eigenstate has a lower eigenvalue, that is, E; < E; <
E, < - Therefore, as time goes on, the ground state |0) will stand out as compared to
other states, because that its decay constant E, contributes to the slowest decay speed.
In some embodiments, the quantum state is re-normalized after each step of evolution.
[00123] FIG. 8 illustrates an example of state updating by the controller 712, according
to some embodiments of the present disclosure.

[00124] In the example of FIG. 8, the modulator state at time t is |(t)) and the time-
step between feedback loops is dt. Therefore, the camera state I,(x, y, t) can be
written as H|y(t)). Because the new state at time t+dt is |y (t + dt)) = e H|y(t))
and the time-step df is small enough so that the high order of the exponential

expansion can be ignored:

[00125] e~Hdt =1 — Hde + @ +o(—Hdt) = 1 - Hdt. Eq(22)

[00126] Then we have:
[00127] |y(t +dt)) = (1 — HAO) | (1)) = [(1)) — dtH|p(1)). Eq(22)
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[00128] Thus, the new modulator state (|y(t + dt))) can be represented as the
difference between the previous modulator state |y (t)) and df times camera state
(HIp(0)).

[00129] At startup, the controller 712 chooses a random state [i,) as an initial
modulator phase state. After passing through the nonlinear crystal, the upconverted
light (i.e., the SH beam) and the unconverted light (i.e., the remaining pump beam) are
detected by the cameras 710a and 710b. Depending on the problem being emulated
by the optical computation system 700, the controller 712 calculates the total camera
state |¢,) as the intensity matrix from one of the first and second cameras 710a and
710D (i.e., I,(x,y) or I,(x,y)), or a weighted sum of the intensity matrices (i.e.,
al,(x,y) + Bla(x,¥)).

[00130] According to some embodiments, the controller 712 determines updates

the modulator phase state by calculating a new state as Y1) = |Yo) — At|¢,), and
normalizing it by the initial state [y}) = [,) * Wol® 1y, the controller 712

1)1
determines the new modulator state phase of the next loop iteration as:
001311 [35) = (lho) — Atlbo)) = I, Eq(23)

[00132] Here, the time step At of the feedback loop is small enough to reduce or
minimize numeric error. In some examples, the feedback step size At represents the
periodicity of the pulse train of the light source 102. In some embodiments, the
controller 712 adaptively adjusts At to enable self-relaxation, since the dynamics of the
optical computation system 700 may be accelerated or made slower. The step size
may be chosen such that the approximation made in Eq.(22) is valid.

[00133] According to some embodiments, the optical computation system can
automatically align its spins to maximize or minimize its interaction energy.

[00134] FIG. 9A illustrates an optical computation system 900 utilizing optical
feedback, according to some embodiments of the present disclosure.

[00135] In the example of FIG. 9, an optical loop is used to provide the feedback

where only the spin configuration with the highest four-body interaction energy will
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meet the optical oscillation condition and builds up. The optical loop begins with an
optical amplifier (OA) 902 to generate a weak pump beam at the second harmonic
wavelength with a flat phase front to drive a degenerate optical parametric amplifier
(DOPA) 904. The DOPA 904 may be a phase matched or quasi-phase matched optical
medium of second-order nonlinearity, such as a beta barium borate (BBO) crystal, a
potassium titanyl phosphate (KTP) crystal or a periodically poled lithium niobate
(PPLN) crystal. In DOPA 904, the pump beam generates and amplifiers a signal wave
at twice its wavelength. The pump beam is wide so that there is little diffraction inside
the DOPA 904, and many signal wavelets, each representing a spin, are
generated/amplified independently across the transverse section of the pump beam.
[00136] After the DOPA 904, the pump light is filtered/removed by using a filter 906,
which could be a bandpass filter, an edge filter, a dichroic mirror, or the like, and the
signal is focused into a second-harmonic generation (SHG) device 910 using a first
fourier lens 908. The SHG device 910 could be a phase matched or quasi-phase
matched optical medium of second-order nonlinearity, such as a BBO crystal, a KTP
crystal, or a PPLN crystal. During SH generation, the effective interactions between
the spins are realized to create second-harmonic light. At the output, the remaining
pump signal and the generated SH light are separate at a first dual-band reflector (e.g.,
a first dichroic mirror (DM) or optical filter) 912 or any other optical device to that effect.
The remaining pump signal is then passed through a second fourier lens 914 to undo
the focusing. It is then directed to the DOPA 904 via a second dual-band reflector
(e.g., a second dichroic mirror or optical filter) 916. The SH light, on the other hand, is
collected by an optical receiver (OR) 918, which may be an optical fiber or a collimated
beam by free space optics. The SH light is then amplified by the OA 902, and is
combined with the remaining pump signal and directed to the DOPA 904 as the new
pump. This loop will run many times until a stable outcome is created, upon which the
signal will be read via a beam splitter (BS) 920 to measure its spins across the

transverse profile. Here, as the signal continuously traverses the optical computing
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system, an optical gain of the optical amplifier is increased until optical parametric
oscillation occurs.

[00137] In this optical configuration, the DOPA 904 generates and amplifies the
signal wavelets across the cross-section of the pump beam through degenerate optical
parametric amplification. Because the pump beam has a flat phase front, the
generated signal wavelet at each spatial grid (i.e., pixel) can have the same phase with
the pump light, or the opposite. This mechanism defines the discrete phase of the
signal wavelets, so that each of them can represent spin up (0 phase relative to the
pump) or spin down (pi-phase relative to the pump). Initially, there is no signal, and the
DOPA 904 can be understood as a quantum process where the vacuum noises are
amplified. The vacuum noises contain all the possible spin configurations. The
amplified vacuum noises will be filtered, after which the pump will be dumped.
Afterwards, they will be focused into a second-order nonlinear crystal for SH
generation. The amount of second-harmonic light that can be created during the SH
generation is dependent on the spin configuration. In fact, its intensity can be written
as the energy of the four-body interaction of the spins. The resulting second-harmonic
signal is then amplified by the OA 902 to create pump for the DOPA 904, to amplify the
signal during the next round. The loop will continuously run.

[00138] In this way, the optical computation system 900 effectively realizes an optical
parametric oscillator (OPO), with the distinction that here, the optical gain is realized
through intermediate steps of SH generation and optical amplification. When in
operation, the optical gain of the OA 902 may be slowly increased until the first optical
parametric oscillation signal appears, i.e., until a strong and stable signal can be read
out. When this happens, the signal will be prepared in the desirable spin configuration
to maximize the four-body interaction. This is because other configurations will produce
less second-harmonic light, thus the effective OPO gain is less. Since the OPO
requires that the optical gain during each optical loop be larger than the net loss, by

slowly increasing the OA gain, only the first OPO signal will appear when the optical
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gain for the desirable spin configuration just exceeds the net loss. All other spin
configurations will lead to more loss than gain, thus no optical oscillation is possible for
these other spin configurations. Here, before OPO occurs, the DOPA process can be
understood as the ampilification of vacuum noises, in all possible spin configurations.
[00139] To further ensure that only one spin configuration exists, the OA can be set
to operate under an optical power saturation limit, i.e., the OA will stop amplifying if the
output power reaches the limit. In this way, after the OPO is established for the
desirable spin configuration, both the signal and pump power increases to saturate the
OA, so that the effective gain for other spin configurations is reduced.

[00140] In some embodiments, the spin configuration of the signal can be read out
by first interfering it with a local-oscillator with a flat phase front and then measuring it
using a CCD camera. In some embodiments, the signal can be passed through linear
optical elements, such as a fourier lens, so that its spin configuration can be measured
on different mode basis.

[00141] In some embodiments, the optical loop is stabilized against any thermal,
mechanical, or other drifts. The stabilization can be realized through a feedback control
mechanism.

[00142] According to some embodiments, the effective interaction Hamiltonian is
modified to model practical problems of interest. This can be realized by applying
optical modulations to the signal before the SHG, and/or applying modulations to the
generated second-harmonic light before they are collected by OR. This option is
depicted in FIG. 9B. In the optical computation system 900-1, the modulations of the
optical modulator 922 for the pump (MP) and the optical modulator 924 for the signal
(MS) can be in the form of phase modulation, amplitude modulation, or both. The
modulation can be realized using spatial light modulators, digital micromirror devices,
or a combination of the two. For the pump light, the modulation can be effectively

realized by other means, such as coupling it into a single mode fiber.
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[00143] Figure 9A and 9B specifically describe how to maximize the four-body
interaction by optimizing the spin configurations. Similar schemes can be developed to
minimize the four-body interaction by making the pump power for DOPA inversely
proportional to the detected power of the second-harmonic light.

[00144] Besides maximizing or minimizing the four-body interaction, the same
principle can be used to find the spin configurations that maximizes or minimizes the
two-body interaction.

[00145] FIG. 10 presents such an example, which follows the basic structure of FIG.
9A but with the signal partially split and directly detected without passing through the
SHG 910. To modulate the effective two body interaction Hamiltonian, the signal is
modulated by the optical modulator (MS) 924 before being detected. In some
embodiments, this modulation is not necessary and may be circumvented. The
detected signal creates a pump with a flat phase front to drive the DOPA 904. In some
embodiments, this is realized by first amplifying the signal power and then frequency
doubling it, as shown in FIG. 9B. In some embodiment, the signal is photo detected,
and the resulting electronic signals is used to control the pump power to drive the
DOPA, using either an adjustable gain laser source or a fixed gain laser source but
with an adjustable beam splitter or variable power attenuator.

[00146] As shown in FIG. 10, according to some embodiments, the optical
computation system 1000 includes an optical amplifier (OA) 902 configured to
generate an amplified signal with a flat phase front; a nonlinear optical device (SHG)
910 configured to receive the amplified signal and to generate a pump beam through
second-harmonic generation based on the ampilified signal; a degenerate optical
parametric amplifier (DOPA) 904 configured to generate a signal of double wavelength
in small wavelets based on the pump beam; an optical filter (FT) 906 configured to filter
the pump beam from the signal; a first optical beam splitter (BS) 920 configured to read
out a fraction of the signal; a second optical beam splitter 921 configured to direct a

first portion of the signal to an optical modulator(MS) 924 for modulation of the portion
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of the signal and to direct a second portion of the signal to a dichroic mirror (DM) 916;
and an optical receiver (OR) 918 configured to couple the modulated first portion of the
signal into the optical amplifier 902 to generate the amplified signal. Here, the dichroic
mirror 916 is configured to combine the second portion of the signal with the pump
beam into the degenerate optical parametric amplifier. According to some examples,
the optical modulator 924 may be a spatial light modulator or a digital micromirror
device, and the nonlinear optical device 910 may be a nonlinear optical crystal or an
optical waveguide.

[00147] In some embodiments, the schemes for the two-body and four-body
interaction can be combined to find the spin configurations that are maximizing or
minimizing one interaction while also maximizing or minimizing the other, or
maximizing or minimizing a weighted sum of the two.

[00148] While the optical computation systems disclosed herein support only two-
and four-body interactions, other processes of nonlinear optics, such as sum-
frequency, four-wave mixing, and high-order harmonic generation, can be employed to
realize even higher-order interactions, whose computational complexity and intensity
could quickly grow beyond the capability of existing computing platforms.

[00149] Example of mapping an NP-hard problem into the ising model:

[00150] Many NP-hard problems can be sketched into the graphs and these graphs
can be mapped into an ising model. Below is the example of mapping a partitioning
graph problem into ising problem.

[00151] Considering a simple undirected graph G = (V, E) which has N number of
nodes with V vertices and E number of edges, the problem may be to split the graph
into “m” number of subgraphs by partitioning its set of nodes. There are m®™-1-1
number of ways to divide the graph into subgraphs with N number of nodes. To
optimally compute the partitioning of the vertices, V= VoU V1 U V2 .. UVm1, the
following conditions need to be satisfied:

[00152] 1) {Vi} are disjoint > ViN Vj=®
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[00153] 2) All {Vi} are approximately balanced > |Vi|~|Vj|

[00154] 3) Number of cut edges should be minimum/maximum i.e. |Ecut|minmax = {(u,V)
|lueVi veV, i# }

[00155] Finding an exact solution of the graph partitioning for large number of nodes
is an NP combinatorial optimization problem. For simplicity, one can consider a graph
with 5 number of nodes connected with 6 edges carry weight wij, where i#j are the
nodes and wii = w;ji >0 as shown in FIG. 11(a). There are a number of ways to cut this
graph into two subgraphs to find a cut through maximum number of edges. Two of
them are shown in FIGS. 11(b) and 11(c). As the graph is split, the values S;={+,-}

may be assigned to the nodes of the separated subgraphs. The cost function of the

the same subgraph otherwise 1. The cost function can be rewritten as

[00156] C =X c;wiy; — Xicj SiSj wyj. Eq(24)
[00157] The Max cut solution may be found by minimizing the second term of the
cost function. This shows that the minimization of the cost function is equivalent to the
minimization of the energy of the ising Hamiltonian.

[00158] Ising models with pairwise and higher-order interactions are active area of
research in statistical physics and machine learning. The nonlinear optical system,
according to some embodiments of the present disclosure, with large number of nodes
and all-to-all connection is a viable solution for solve these problems much faster.
[00159] The operations performed by the constituent components of the optical
computation system of the present disclosure, such as the controller, may be
performed by a “processing circuit” or “processor” that may include any combination of
hardware, firmware, and software, employed to process data or digital signals.
Processing circuit hardware may include, for example, application specific integrated
circuits (ASICs), general purpose or special purpose central processing units (CPUSs),
digital signal processors (DSPs), graphics processing units (GPUs), and

programmable logic devices such as field programmable gate arrays (FPGASs). In a

-27-



WO 2021/231794 PCT/US2021/032338

processing circuit, as used herein, each function is performed either by hardware
configured, i.e., hard-wired, to perform that function, or by more general-purpose
hardware, such as a CPU, configured to execute instructions stored in a non-transitory
storage medium. A processing circuit may be fabricated on a single printed wiring
board (PWB) or distributed over several interconnected PWBs. A processing circuit
may contain other processing circuits; for example, a processing circuit may include
two processing circuits, an FPGA and a CPU, interconnected on a PWB.

[00160] It will be understood that, although the terms "first", "second", "third", etc.,
may be used herein to describe various elements, components, regions, layers, and/or
sections, these elements, components, regions, layers, and/or sections should not be
limited by these terms. These terms are used to distinguish one element, component,
region, layer, or section from another element, component, region, layer, or section.
Thus, a first element, component, region, layer, or section discussed below could be
termed a second element, component, region, layer, or section, without departing from
the scope of the inventive concept.

[00161] The terminology used herein is for the purpose of describing particular
embodiments and is not intended to be limiting of the inventive concept. As used
herein, the singular forms "a" and "an" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the
terms "include", "including", "comprises", and/or "comprising", when used in this
specification, specify the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements, components, and/or groups
thereof. As used herein, the term "and/or" includes any and all combinations of one or
more of the associated listed items. Further, the use of "may" when describing
embodiments of the inventive concept refers to "one or more embodiments of the
inventive concept"'. Also, the term "exemplary" is intended to refer to an example or

illustration.
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[00162] As used herein, the terms "use", "using", and "used" may be considered
synonymous with the terms "utilize", "utilizing", and "utilized", respectively.

[00163] Further, the use of “may” when describing embodiments of the inventive
concept refers to “one or more embodiments of the inventive concept.” Also, the term
“exemplary” is intended to refer to an example or illustration.

[00164] While the present invention has been described in connection with certain
exemplary embodiments, it is to be understood that the invention is not limited to the
disclosed embodiments, but, on the contrary, is intended to cover various modifications
and equivalent arrangements included within the spirit and scope of the appended

claims, and equivalents thereof.
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