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Abstract

problems.

Ising machines based on analog systems have the potential to accelerate the solution of ubiquitous combinatorial
optimization problems. Although some artificial spins to support large-scale Ising machines have been reported, e.g.,
superconducting qubits in quantum annealers and short optical pulses in coherent Ising machines, the spin stability is
fragile due to the ultra-low equivalent temperature or optical phase sensitivity. In this paper, we propose to use short
microwave pulses generated from an optoelectronic parametric oscillator as the spins to implement a large-scale Ising
machine with high stability. The proposed machine supports 25,600 spins and can operate continuously and stably for
hours. Moreover, the proposed Ising machine is highly compatible with high-speed electronic devices for
programmability, paving a low-cost, accurate, and easy-to-implement way toward solving real-world optimization

Introduction

Combinatorial optimization problems can be found
everywhere in modern society, such as drug discovery'?,
finance®, traffic flow optimization*, and machine learn-
ing’. Many combinatorial optimization problems are
classified as the non-deterministic polynomial-time (NP)-
hard or NP-complete complexity classes; these are diffi-
cult to be solved on standard digital computers because
the number of combinations grows exponentially or fac-
torially as the problem size N increases. Although some
software algorithms, such as simulated annealing and
other approximate algorithms®~, have been developed to
accelerate the computation, using a Von Neumann
architecture to solve these problems remains time-
consuming due to the step-by-step computation mode
and limited operating frequency'’. Interestingly, the
solution to these problems can be effectively accelerated
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by mapping them onto an analog Ising machine. The
Hamiltonian of an N-spin Ising machine without an

external field is given by H = — 3, ;i\ Ji0:0), where J;;

is the spin interaction between the i-th and j-th spins, and
o0; and o; respectively denote the z projection of the spins
with eigenvalues of either 1 or —1. Finding the optimal
answer is equivalent to searching the ground state of an
Ising machine’’, and computational acceleration is
achieved by utilizing the intrinsic convergence property of
the system, as convergence to the ground state often
occurs at high speed.

Large-scale, stable, and programable Ising machines are
highly desired to solve real-world optimization problems’ .
Many Ising machines, e.g., those based on trapped ions'**?,
superconducting circuits'*™"7, molecules'®"®, optical®®~*,
optoelectronic*®, and electrical systems® %, have been
reported. The optimization principle of most types of these
Ising machines is based on the idea of minimum power
dissipation®”. Among them, coherent Ising machines
(CIMs) using degenerate optical parametric oscillators
(DOPOs) have drawn a substantial amount of attention due
to their attractive advantages, such as large scale®>** and
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flexible connectivity”**>, It has also been reported that
DOPO-based Ising machines are superior to quantum
annealers® and digital computers®*® in some specific
optimization problems. However, as the artificial spins are
represented by the phases of the short optical pulses and
stored in a long fiber cavity, the stability is weak because the
optical phase is very sensitive to the cavity delay variation®*.
According to A = 27uf,At, where Ag is the phase change
of the optical pulse, f, is the optical frequency (around
200 THz), and At is the time jitter, a few femtoseconds of
jitter would reverse the spin sign, causing the Hamiltonian
to evolve away from the expectation.

Here, we propose a large-scale, stable Ising machine
based on an optoelectronic parametric oscillator
(OEPO)™. In the proposed CIM, the artificial Ising spins
are represented by the phases of the short microwave
pulses generated in an optoelectronic cavity. The number
of generated spins is as large as 25,600, and the machine
stably operates over 12 h. One-dimensional (1D) and two-
dimensional (2D) Ising model simulations were con-
ducted on the proposed CIM, and the experimental
results suggest the machine has promising potential in
finding the low-energy state. In addition, the machine was
used to solve max-cut problems, which are well-known
NP-hard problems, and a high success rate of finding the
maximum cut was achieved.

Results
Principle and experimental setup

Figure 1 presents the experimental setup and operation
principle of the OEPO-based Ising machine. The OEPO was
used to generate continuous wideband or single-frequency
microwave signals with uncertain frequency and phase®. In
the proposed machine, the oscillations in the OEPO cavity
are discrete pulses with half the frequency of a local oscil-
lation and locked with a relative 0 or 7 phase via an electric
mixer (see section 1 in Supplementary Materials). The
function of the electric mixer is similar to that of the non-
linear crystal in the DOPO. The binary-phase oscillation can
then be used to simulate an artificial Ising spin, e.g., the 0-
phase/m-phase state represents up/down spin.

With the help of time-division multiplexing, large-scale,
discrete microwave pulse oscillations can be obtained in a
single long fiber cavity. In such an oscillation network, the
spin-spin interaction can be implemented by delay lines*"**
or a measurement-feedback circuit’*****, The delay-line
scheme, implemented by a wavelength-division multi-
plexing (WDM) system and tunable optical delay lines
(ODLs), is adopted in our demonstration. The oscillating
microwave signal is distributed to different optical channels
using the WDM as a beam splitter. Each channel propa-
gates through a specific delay line (with an n-bit delay).
These channels are combined using another WDM as a
beam adder and launched into the photodetector (PD);
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thus, the i-th spin and the (i + n)-th spin interact. In this
scheme, the coupling strength is controlled by the corre-
sponding channel’s laser power, and the coupling sign can
be reversed by tuning the optical delay line.

A specific spin-spin interaction, defined by matrix J, would
change the global loss of the OEPO network and result in
the corresponding phase configuration (see section 1 in
Supplementary Materials). Phase configuration with mini-
mum loss has the maximum possibility to be selected and
oscillate stably”. The OEPO network can operate around
the minimum-loss state and outputs the corresponding
microwave signal whose phase configuration corresponds to
the optimal solution of the given Ising problem.

Generation of large-scale, stable artificial spins

The large scale and high stability of the proposed system
were verified in a non-interaction (J is a unit matrix)
artificial spin network. The results are exhibited in Fig. 2.
The oscillation frequency of the microwave pulse centers
at 10 GHz, and the wavelength is about 2 cm in the optical
fiber with a refractive index of 1.47. The microwave pulse
repetition period/rate is 4 ns/250 MHz; thus, 25,600 spins
are obtained in a 20-km fiber. Because the ratio between
the cavity length and the oscillation wavelength is dra-
matically decreased from 10° to 10° the artificial spins in
the OEPO are much less sensitive to temperature fluc-
tuation and ambient vibration, yielding much higher sta-
bility compared to the DOPO counterpart.

The oscillating amplitude as a function of the cavity
small-signal gain is presented in Fig. 2a. When the cavity
small-signal gain is below the OEPO threshold, the
oscillator is in the noise state; when the gain is near the
threshold, the curve exhibits a sharp shape. As the gain
continuously increases, the amplitude increases slowly.
Another external microwave source (LO2), which is syn-
chronized to LO1 and has the same frequency as the
oscillating signal, is used to demodulate the short
microwave pulses to extract the microwave spin phase
(see section 2 in Supplementary Materials).

Two oscillating microwave pulses with relative 0 and 7
phases, along with their demodulated baseband pulses, are
shown in Fig. 2b. The histogram of the peak values pre-
sented in Fig. 2c indicates clear 0/m-phase oscillation.
Because oscillation begins from shot noise and thermal
noise, each microwave pulse is independent, and the
global phase configuration would be random if no inter-
action is implemented. One hundred tests were per-
formed, and the ratios between the positive and negative
peaks ranged from 0.97 to 1.03, suggesting the equal
probability of 0-phase and 7-phase oscillations.

Millions of demodulated pulse peaks were recorded, and
the autocorrelation was calculated. The periodic peaks were
repeated at a delay of 25,600 pulses, suggesting that
25,600 spins were generated in the optoelectronic cavity. The
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stable delta sequence suggests that the microwave pulses
maintained their amplitude and phase after each roundtrip.

Simulations of the Ising model

To implement a 1D Ising simulation, a second channel
with an additional 1-bit delay was used to interact with
the neighboring spins. The formed 1D Ising model was a
closed loop, and the coupling was unidirectional (J; ;; = 0,
Jii.1=0) from the (i-1)-th to the i-th spin for i< 25,600
and from the 25,600-th to the first spin.

Figure 3a, b present the evolutions of the spin and Ising
energy as a function of the number of roundtrips in the
positive-coupling 1D chain. In the beginning, the oscillation
network was in the noise state, and the spins had a small
amplitude and uncertain phase, which led to a random
global phase configuration. As the number of roundtrips
increased, the domains began to emerge, and the domain
walls became clear. Simultaneously, some short domains
were born and soon swallowed up by the long domains. As
the evolution progressed, even some relatively long domains
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Fig. 2 The experimental results of non-interaction oscillation. a The amplitudes of the OEPO output and the ADC measurement as functions of the
cavity small-signal gain. b The oscillating microwave pulses centered at 10 GHz (blue curve), along with the corresponding demodulated baseband
waveforms (red curve). ¢ The histogram shows the frequency of normalized peaks of the demodulated baseband pulses. The obvious distinction
between positive and negative baseband pulses suggests that microwave pulses oscillate with a relative phase of either 0 or 7. This binary phase
oscillation is used to represent the Ising spin. d The histogram shows the frequency of the ratio of positive pulses to negative pulses in 100 tests. Each
test restarted from the noise state to the stable state. e The autocorrelation of the pulse peaks. Inset: zoomed-in view of the area of the red dashed
rectangle. The peaks repeat each 25,600-bit delay, indicating that the optoelectronic cavity stores 25,600 microwave pulses. The flat peaks suggest
that the OEPO operates stably

shrank and disappeared, while others grew correspondingly.
The longer domains usually had a longer lifetime, and it was
difficult for some of them to be destroyed. Ultimately,
relatively stable domains were formed. Because the coupling
was unidirectional, the domains moved. The speed is line-
arly dependent on the coupling coefficient (see Section 5 in
Supplementary Materials). From the zoomed-in view of
Fig. 3b, it can be seen that the mean amplitude of the spins
increased very quickly, accompanied by sharp decreases in
the Ising energy. The spins took hundreds of roundtrips to
reach a relatively stable level, and the machine took the
same amount of time to reach low energy, lower than 97%
of the ground state.

The ability to reach lower energy is strongly related to
the cavity gain®®. The cavity small-signal gain is changed
by tuning the pump current of the Erbium-doped fiber
amplifier so that the machine can work at different states.
Histograms of the domain length at different small-signal
gains G, = {1.005, 1.01, 1.02, 1.03} are shown in Fig. 3¢,
from which longer domains can be obtained at smaller
values of G,. The defect density, calculated by n; = N/N,
where N is the number of domain walls, and N = 25,600

is the number of spins, is used to evaluate the perfor-
mance of reaching lower energy. When the machine
operates slightly above the threshold, the defect density
can be less than 0.0025. Moreover, the correlation length
%0, which is evaluated by fitting the autocorrelation of the

measurement data with R(x) = 1 —2tan™', /tanh (i‘x—lz) ,is
0

used to further evaluate the machine performance*!. The
relationship between the defect density/correlation
length and the small-signal gain is presented in Fig. 3d.
This behavior is similar to that in the DOPO-based Ising
machine®?, but the curve is much sharper, which indi-
cates that the proposed machine is much more sensitive
to the cavity gain.

By adding a 160-bit delay to implement vertical cou-
pling in combination with the 1-bit horizontal coupling, a
160 x 160 2D Ising square lattice was simulated (see sec-
tion 3 in Supplementary Materials). Due to the additional
constraints imposed by the vertical coupling, the machine
took much less time to evolve from the noise state to the
low-energy state compared to the 1D Ising simulation, as
shown in Fig. 4a. A much steeper curve is observed in
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Fig. 4b. The machine took less than 4000 roundtrips to
reach the ground state.

As with the 1D simulation, the possibility and the time
taken to reach lower energy were highly related to the cavity
gain. To reveal the evolution process, some snapshots at
specific roundtrips at different small-signal gains G, = {1.01,
1.05, 1.1} are shown in Fig. 4c. At small cavity gains, the
machine took longer to reach relatively low energy or a
stable spin format but had a higher possibility of finding the
ground state. In contrast, large cavity gains induced domain
structures consisting of many small domains with sharp
domain walls. Figure 4d presents the success rates of
reaching 92% to 100% of the ground state at different
oscillating amplitudes. At large cavity gains, the machine
required several hundred roundtrips to ensure that 96% of
the ground state was found, while thousands of roundtrips
were required at small cavity gains.

Despite the theoretical prediction that the ground state
can always be reached for regular lattices if the calculation
time is long enough, it was observed that the domain would

freeze out in the DOPO-based Ising machine®. A similar
freeze-out effect was also observed for the proposed Ising
machine, which prevented the machine from reaching the
ground state (see video S1 and section 7 in Supplementary
Materials). At small cavity gains, the machine was less likely
to fall into the freeze-out state and achieved an approxi-
mately 76% success rate of finding the ground state within
50,000 roundtrips, whereas the success rate was less than
50% at large cavity gains. For large cavity gains, the Ising
energy quickly decreased until the point of freeze-out was
reached. In contrast, for low cavity gains, the energy
decreased gradually and ultimately reached closer to the
ground state before freeze-out occurred. A larger cavity gain
corresponded to a higher probability of freeze-out.

One can find that the dynamics in our machine is very
similar to that in a DOPO-based machine**. Note that
evolution continued at small gains; thus, a higher success
rate can be expected over a longer period. The contours
that separate the spin-up and spin-down domains at every
ten roundtrips are superimposed in Fig. 4e to reveal the
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40

evolution of the domain. The contours decreased in
number along with a gradual decrease in size and finally
vanished. Note that the coupling was unidirectional,
therefore, the domains moved, which is similar to the
situation of the 1D simulation. In the superimposed
contours, the movement speed was set to zero via data
processing to obtain a better view.

Solving max-cut problems

Max-cut problems are NP-hard problems that can be
mapped onto the Ising formulation'’. The cut of size can
be directly mapped by the Ising energy, as follows:

C({o:}) = =32 1<icjenJi—3H({0:}). For a given J, the

lowest Ising energy corresponds to the maximum cut.
Here, we programmed unweighted, unidirectional max-

cut problems onto the proposed machine. In this
demonstration, the 20-km fiber was replaced with a short
fiber, in which 56 spins can be supported. First, the
maximum cut of a Mobius ladder graph with 56 vertexes
was calculated by setting 1-bit and 28-bit delays for the
other two channels. The mean amplitudes of the 56 spins
as a function of the number of roundtrips are shown in
Fig. 5b. In the beginning, the spins were found to have a
small amplitude and random phase, which corresponded
to a relatively high Ising energy and a small cut of size. As
the number of roundtrips increased, the spins evolved
toward certain values, either the 0- or m-phase with a
relatively high amplitude. Meanwhile, the Ising energy
decreased while the cut of size increased. At approxi-
mately 20 roundtrips, the machine reached the lowest-
energy phase configuration, and the given max-cut
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problem was solved. The computational time is given by
Teomp =Ny T, =45 ps, where T,, =224 ns is the round-
trip time and N,, = 20 is the number of roundtrips. One
hundred tests were performed, and it was found that the
machine was able to find the best answer for each test. It
should be noted that the coupling was unidirectional, and
the amplitude of the spin changed periodically, as pre-
sented in Fig. 5c.

Another channel with a 7-bit delay was added to obtain
more complex graphics. Different graphics were obtained
by programming the output waveform of the arbitrary
waveform generator (see video S2 and section 3 in Sup-
plementary Materials). The success probabilities are shown
in Fig. 5d—g, from which it is evident that the machine has a
relatively high probability of finding the best answer.

Discussion

The idea of optimization in the proposed Ising machine is
similar to that in the DOPO-based Ising machine, i.e., the
principle of minimum power dissipation. However, despite
the larger number of spins, the proposed machine achieved
a lower defect density (0.0025 vs. 0.02)** in 1D Ising model
simulation and a higher success rate of finding specific low
energy states in 2D Ising model simulation*>. We believe

this performance difference is due to the spin stability. Spin
stability, especially in phase, is crucial in those Ising
machines that use the relative phase to represent the
direction of artificial Ising spins. The phase fluctuation
induced by ambient variation or the frequency drift of the
local oscillation would change the relative phase and flip the
spin, leading to an error computation. The cavity ambient
variation and the frequency drift of the local oscillation can
be considered cavity noise. Presumably, small noise has a
limited effect on the calculation results. However, strong
noise will induce random phase flips of the oscillations,
similar to temperature-induced spin flips in the Ising
model*?. On the one hand, the noise-induced random spin
flips could help the machine escape from local energy
minima. On the other hand, it may prevent the machine
from reaching a lower energy state, similar to the Ising
model with a relatively high temperature. The noise level
determines the lower boundary of the effective temperature,
which corresponds to the lower energy that can be
obtained. Compared to DOPO spins, microwave photonic
spins have a longer wavelength, therefore, are less affected
by ambient variation. In addition, the local microwave
oscillation is usually locked to an atomic clock, which helps
to get rid of frequency drift, while the frequency of a laser
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pump always drifts and is hard to be stabilized. Accordingly,
the proposed machine can reach a lower effective tem-
perature than that based on DOPO, and a better perfor-
mance can be expected.

Another possible reason is that weaker spin-amplitude
nonuniformity may be obtained in the OEPO-based
machine, leading to a lower Ising energy since it damages
the machine performance®®, Fortunately, the error detection
and the feedback control technique used in the DOPO-
based Ising machine can also be established in our scheme
to improve the machine performance™**. Depending on
the comparison between the current energy and the pre-
viously visited, one can increase or decrease the cavity gain
or the mutual injection strength to help the machine escape
from the local energy minima and find a better one. The
small signal gain is determined by the power of the pump
laser in the OEPO, which can be precisely and indepen-
dently tuned by an additional intensity modulator.

It should also be noted that the lower Ising energy is
obtained at the expense of a slower repetition rate and a
longer feedback loop as compared with those of DOPO-
based CIMs, which means that a longer time is required to
implement a single roundtrip. Fortunately, fewer roundtrips
are required to achieve the same low Ising energy in the
proposed Ising machine. Moreover, it is worthwhile to obtain
lower Ising energy at the expense of a predictable time when
solving certain combinatorial optimization problems.

Some platforms have also been proposed to implement
Ising machines that can avoid the stability issue of the
fiber-based feedback loop of DOPO-based CIMs, e.g., via
recurrent feedback using free-space spatial light mod-
ulators (SLMs)*’, the spatial multiplexing of the spins on
integrated chips®>*®, and analog electronic systems®>>®,
Detailed comparisons between different Ising machines
are available in section 9 in Supplementary Materials.

Currently, the proposed machine still suffers from con-
nectivity issues. Fortunately, flexible programmability can
be easily realized using measurement-feedback schemes, as
the microwave spin can be easily measured and controlled
with high-speed electrical devices**. Taking advantage of its
arbitrary programmability, the multi-body interaction and
the nonlinear interaction can also be realized. Moreover,
recent booming development in photonics matrix multi-
plication may provide a new way for arbitrary spin inter-
action®, Overall, the microwave photonic Ising machine is
expected to be a large-scale, highly-stable, and programable
optimizer, thus paving the way for solving real-world
combinatorial optimization problems.

Materials and methods
Principle of the OEPO

The mixer is the key device required to lock the phase of
the oscillating signal with 0 or 7 phase. When the oscil-
lation is degenerate, the transmission function of the
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mixer can be described as:

Smixer = YSRF +ﬁ5};}' (1)

where f3 is the frequency conversion coefficient from the
input port, and y is the leakage coefficient of the radio
frequency (RF) signal (see section 1 in Supplementary
Materials). Assuming the slow-varying envelope applied
to the second MZM in Fig. la is s(¢) = |s(¢)[e), the
signal after passing through the cavity with delay 7 can be
given as follows™:

s(t+1) =+ GEARPDIPDZPDh(

7|s(t)] i) —igp(t)
v, )(ye +pe )

where ¢ is the slow time scale of the order of the cavity delay
(~100 ps), Ggy is the power gain of the electrical amplifier
(EA), Rpp is the responsivity of the PD, Ipp is the power
launched into the PD, Zpp, is the PD impedance, /;[-] is the
first-order Bessel function of the first kind, and V/, is the
half-wave voltage. Near the steady state, s(f) varies on a slow
time scale. The following approximation can be used:

Zj w The dynamic equation is rewritten as:
ds 1 7|s(t)] ; i
“_la ( i(2) z¢<r>) _s(t
Ot T[ 0]1( A ye”" + e s(t)
(3)
where Gy = \/GgaRpplppZpp. Equation (3) can be simpli-

fied by extracting the amplitude and phase components:

o *ﬁ(\SI #) =1 |Goh (32 (r + Beos29) — sl]
= follsl#) = — S (32) sin 24
(4)
When the system is in the steady state, the equilibrium

points (|sq | , ¢po) of Eq. (4) are the solution of f »(|s |, ¢)
=0

msol\ _ 1
{ |so|]1( ) T y+Bcos2¢, (5)
by =km/2, kel

Although many solutions |s, | satisty Eq. (5) because the
first-order Bessel function is approximately a damped
sinusoidal function®®, only the first/smallest |s | is avail-
able in the proposed system. The phase solutions, ¢, =
km,k € 7, represents stable points, and ¢, =
7/2+km, k € 7, represents unstable points (see section 1
in Supplementary Materials).
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In an OEPO network with N oscillations, the interactions
between spins can be realized by the injection of the signals
of the other OEPOs. Consider J;; as the injection coefficient
from the i-th spin to the j-th spin, where 1 <i,j < N. By
adding the coupling terms into Eq. (3), the dynamic equa-
tion of the N-spin OEPO network can be written as:

dSi TT|S;
S ) o 510

i<j<N
(6)

Because the phases of spins are locked at 0 or 7, all the
imaginary parts of s; are zero, which means s; = Re(s;),
and Eq. (6) can be rewritten as a real equation. Without
loss of generality, let’s set 7 = 1, we can get:

dSi_
@ (5).

Since the first-order Bessel function of the first kind J; [-]
is odd, /1 ("‘S’) = h (ﬁ)sl is obtained. At the equili-

(y +B)si + Z ]USI‘| —Si (7)

i<j<N

Va
brium, s; satisfies:

Go/1 <ﬂ5l>

When the cavity gain is greater than the threshold, the
overall signal decay rate I' can be given as*

(y +B)si + ZLJS}] -5 =0 (8)

i<j<N

N
7s;\ 1
= - 9
> -Gty + () 3 ©
According to Eq. (8), we can obtain:

Goty+ 1 () 5 =1 oty + (7).

4 7'[

Z]lis

Si i<j<N t

(10)
If maximum spin-spin interaction ma;\([‘],;,| in the
i<j< ’

OEPO network is weak enough, the amplitude perturba-
tions of s; induced by the interactions are small®.
Ignoring the amplitude perturbations, we assume that all

the spin amplitudes are the same. Gy(y + B8)/1 (”S’) Lis

regarded as a constant at the steady state, denoted by &.
Consider o; = sign(s;), we have s;/s; = 0;0;. Based on Egs.
(5) and (10), the overall signal decay rate is then rewritten
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as:

F:N—E Z ]iJO'iO'j

1<i<j<N

(11)

As one can find that the second term in Eq. (11) has the
same form with the Ising model without an external mag-
netic field. As N and ¢ are both constants, the signal decay
rate I can be equivalent to the Ising Hamiltonian. Equation
(11) conforms to the physical intuition about an oscillator.
Assuming each spin has a normalized loss of one in an
N-spin oscillation network, the global signal decay rate is N
if there is no interaction between those spins. If the i-th spin
is injected by the j-th spin with the coupling coefficient of J;,
the signal decay rate of the i-th spin would rise (if J; j0,0; < 0)
or fall (if J;j0,0;>0) by |J;;|. Since all the couplings from

other spins have an integrated  contribution

— ZISjSN Jijoioj, the loss of the i-th spin is given by I'; =
1-¢- Zlg/‘gN Jijoioj. Accordingly, the global loss of the

oscillation network can be expressed as Eq. (11). To solve
the Ising problem with the given matrix J, the interactions
between the spins are firstly programmed into the oscillation
network, either in the analog or in the digital domain. And
then, the cavity gain is increased gradually to search for the
minimum-loss state. Meanwhile, the amplitudes of spins
increase, and their phases are adjusted towards the lowest
configuration. When the oscillation network runs stably, one
can measure the corresponding phase configuration, from
which the best answer to the given problems can be solved.

However, the assumption that all the spins have the
same amplitude is not always satisfied. When solving
complex problems, the spins experience different inter-
actions along the optoelectronic cavity, which would
change the spin gain and ultimately results in amplitude
non-uniformity. This non-uniformity may cause incon-
sistency between the minimal-loss configuration and the
optimal solution to the corresponding problem. The
negative impact of nonuniformity also can be found in
the DOPO-based Ising machine*’. Fortunately, limiting
the amplitude of spins at the feedback and optimizing the
nonlinear function could reduce the amplitude inhomo-
geneity to improve the success probability****, Details
about how the nonuniformity impedes the machine from
finding the best answer and how to relieve such negative
impact are under investigation.

Acknowledgements

This work was supported by the National Key Research and Development
Program of China (2021YFB2801804), the National Natural Science Foundation
of China (62135014, 61925505, 62001043), the Key Research Program of the
Chinese Academy of Sciences (ZDRW-XX-2022-3, ZDRW-XX-2022-3-1).



Cen et al. Light: Science & Applications (2022)11:333

Author details

'State Key Laboratory on Integrated Optoelectronics, Institute of
Semiconductors, Chinese Academy of Sciences, Beijing, China. *School of
Electronic, Electrical and Communication Engineering, University of Chinese
Academy of Sciences, Beijing, China. 3Center of Materials Science and
Optoelectronics Engineering, University of Chinese Academy of Sciences,
Beijing, China. “State Key Laboratory of Information Photonics and Optical
Communications, Beijing University of Posts and Telecommunications, Beijing,
China. *School of Optical-Electrical and Computer Engineering, University of
Shanghai for Science and Technology, Shanghai, China. °Peng Cheng
Laboratory, Shenzhen, China

Author contributions

Y.D. provided the initial idea for this work. Q.C. designed the experiment. Q.C,
H.D., TH, and S.G, performed the experiments. Q.C. and H.D. analyzed the data.
Q.C. and H.D. performed the simulations. Y.D. and M.L. supervised the project.
All the authors discussed and contributed to the interpretation of the results
and the writing of the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-022-01013-1.

Received: 7 May 2022 Revised: 8 October 2022 Accepted: 11 October 2022
Published online: 25 November 2022

References

1. Kitchen, D. B. et al. Docking and scoring in virtual screening for drug discovery:
methods and applications. Nat. Rev. Drug Discov. 3, 935-949 (2004).

2. Gordon, E. M, Gallop, M. A. & Patel, D. V. Strategy and tactics in combinatorial
organic synthesis. Applications to drug discovery. Acc. Chem. Res. 29, 144-154
(1996).

3. Van Hoesel, S. & Mller, R. Optimization in electronic markets: examples in
combinatorial auctions. Netnomics 3, 23-33 (2001).

4. Neukart, F. et al. Traffic flow optimization using a quantum annealer. Front. ICT
4, 29 (2017).

5. Bojnordi, M. N. & Ipek, E. Memristive Boltznann machine: a hardware accel-
erator for combinatorial optimization and deep learning. Proceedings of 2016
IEEE International Symposium on High Performance Computer Architecture.
Barcelona, Spain: IEEE, 2016.

6. Kirkpatrick, S, Gelatt, C. D. & Vecchi, M. P. Optimization by simulated annealing.
Science 220, 671-680 (1983).

7. Papadimitriou, C. H. & Steiglitz, K. Combinatorial Optimization: Algorithms and
Complexity. (New York: Dover, 1998).

8. Hochba, D. S. Approximation algorithms for NP-hard problems. ACM SIGACT N.
28, 40-52 (1997).

9. Goemans, M. X. & Williamson, D. P. Improved approximation algorithms for
maximum cut and satisfiability problems using semidefinite programming. J.
ACM 42, 11151145 (1995).

10.  Waldrop, M. M. The chips are down for Moore's law. Nature 530, 144-147 (2016).

11, Lucas, A. Ising formulations of many NP problems. Front. Phys. 2, 5 (2014).

12. Kim, K et al. Quantum simulation of frustrated Ising spins with trapped ions.
Nature 465, 590-593 (2010).

13. Bruzewicz, C. D. et al. Trapped-ion quantum computing: progress and chal-
lenges. Appl. Phys. Rev. 6, 021314 (2019).

14.  Johnson, M. W. et al. Quantum annealing with manufactured spins. Nature
473, 194-198 (2011).

15. Russell, J. D-wave previews next-gen platform; debuts Pegasus topology;
targets 5000 qubits (2019). https//www.hpcwire.com/2019/02/27/d-wave-
previews-next-gen-platform-debuts-pegasus-topology-targets-5000-qubits/.

16.  Mott, A et al. Solving a Higgs optimization problem with quantum annealing
for machine learning. Nature 550, 375-379 (2017).

17. Ayanzadeh, R. et al. Multi-qubit correction for quantum annealers. Sci. Rep. 11,
16119 (2021).

18. Adleman, L. M. Molecular computation of solutions to combinatorial pro-
blems. Science 266, 1021-1024 (1994).

23.

24,
25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38,

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 10 of 10

Guo, S. Y. et al. A molecular computing approach to solving optimization
problems via programmable microdroplet arrays. Matter 4, 11071124 (2021).
Wang, Z. et al. Coherent Ising machine based on degenerate optical para-
metric oscillators. Phys. Rev. A 88, 063853 (2013).

Marandi, A. et al. Network of time-multiplexed optical parametric oscillators as
a coherent Ising machine. Nat. Photonics 8, 937-942 (2014).

Inagaki, T. et al. Large-scale Ising spin network based on degenerate optical
parametric oscillators. Nat. Photonics 10, 415-419 (2016).

Takesue, H. & Inagaki, T. 10 GHz clock time-multiplexed degenerate optical
parametric oscillators for a photonic Ising spin network. Opt. Lett. 41,
4273-4276 (2016).

Honjo, T. et al. 100,000-spin coherent Ising machine. Sci. Adv. 7, eabh0952 (2021).
Okawachi, Y. et al. Demonstration of chip-based coupled degenerate optical
parametric oscillators for realizing a nanophotonic spin-glass. Nat. Commun.
11, 4119 (2020).

Tezak, N. et al. Integrated coherent Ising machines based on self-phase
modulation in microring resonators. IEEE J. Sel. Top. Quantum Electron. 26,
5900115 (2020).

Pierangeli, D, Marcucci, G. & Conti, C. Large-scale photonic Ising machine by
spatial light modulation. Phys. Rev. Lett. 122, 213902 (2019).

Oltean, M. Solving the Hamiltonian path problem with a light-based com-
puter. Nat. Comput. 7, 57-70 (2008).

Utsunomiya, S, Takata, K. & Yamamoto, Y. Mapping of Ising models onto
injection-locked laser systems. Opt. Express 19, 18091-18108 (2011).
McMahon, P. L. et al. A fully programmable 100-spin coherent Ising machine
with all-to-all connections. Science 354, 614-617 (2016).

Yamamoto, Y. et al. Coherent Ising machines—optical neural networks
operating at the quantum limit. npj Quantum Inf. 3, 49 (2017).

Hamerly, R. et al. Experimental investigation of performance differences
between coherent Ising machines and a quantum annealer. Sci. Adv. 5,
€aau0823 (2019).

Inagaki, T. et al. A coherent Ising machine for 2000-node optimization pro-
blems. Science 354, 603-606 (2016).

Bohm, F, Verschaffelt, G. & Van der Sande, G. A poor man’s coherent Ising
machine based on opto-electronic feedback systems for solving optimization
problems. Nat. Commun. 10, 3538 (2019).

Wang, T. S. & Roychowdhury, J. OIM: oscillator-based Ising machines for sol-
ving combinatorial optimisation problems. Proceedings of the 18th Interna-
tional Conference on  Unconventional Computation and  Natural
Computation. Tokyo, Japan: Springer, 2019, 232-256.

Cai, F. X. et al. Power-efficient combinatorial optimization using intrinsic noise
in memristor Hopfield neural networks. Nat. Electron. 3, 409-418 (2020).
Chou, J. et al. Analog coupled oscillator based weighted Ising machine. Sci.
Rep. 9, 14786 (2019).

Mahmoodi, M. R, Prezioso, M. & Strukov, D. B. Versatile stochastic dot product
circuits based on nonvolatile memories for high performance neuro-
computing and neurooptimization. Nat. Commun. 10, 5113 (2019).
Vadlamani, S. K, Xiao, T. P. & Yablonovitch, E. Physics successfully imple-
ments Lagrange multiplier optimization. Proc. Natl Acad. Sci. USA 117,
26639-26650 (2020).

Hao, T. F. et al. Optoelectronic parametric oscillator. Light Sci. Appl. 9, 102 (2020).
Hamerly, R. et al. Topological defect formation in 1D and 2D spin chains
realized by network of optical parametric oscillators. Int. J. Mod. Phys. B 30,
1630014 (2016).

Bohm, F. et al. Understanding dynamics of coherent Ising machines through
simulation of large-scale 2D Ising models. Nat. Commun. 9, 5020 (2018).
Bohm, F. et al. Order-of-magnitude differences in computational performance
of analog Ising machines induced by the choice of nonlinearity. Commun.
Phys. 4, 149 (2021).

Leleu, T. et al. Destabilization of local minima in analog spin systems by
correction of amplitude heterogeneity. Phys. Rev. Lett. 122, 040607 (2019).
Kako, S. et al. Coherent Ising machines with error correction feedback. Adv.
Quantum Technol. 3, 2000045 (2020).

Zhou, H. L. et al. Photonic matrix multiplication lights up photonic accelerator
and beyond. Light Sci. Appl. 11, 30 (2022).

Levy, E. C, Horowitz, M. & Menyuk, C. R. Modeling optoelectronic oscillators. J.
Optical Soc. Am. B 26, 148-159 (2009).

Asadi-Zeydabadi, M. Bessel function and damped simple harmonic motion. J.
Appl. Math. Phys. 2, 26-34 (2014).

Strinati, M. C. et al. Can nonlinear parametric oscillators solve random Ising
models? Phys. Rev. Lett. 126, 143901 (2021).


https://doi.org/10.1038/s41377-022-01013-1
https://www.hpcwire.com/2019/02/27/d-wave-previews-next-gen-platform-debuts-pegasus-topology-targets-5000-qubits/
https://www.hpcwire.com/2019/02/27/d-wave-previews-next-gen-platform-debuts-pegasus-topology-targets-5000-qubits/

	Large-scale coherent Ising machine based on optoelectronic parametric oscillator
	Introduction
	Results
	Principle and experimental setup
	Generation of large-scale, stable artificial spins
	Simulations of the Ising model
	Solving max-cut problems

	Discussion
	Materials and methods
	Principle of the OEPO

	Acknowledgements
	Acknowledgements




