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Antiferromagnetic spatial photonic Ising machine through optoelectronic correlation

computing
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Recently, spatial photonic Ising machines (SPIM) have been demonstrated to compute the minima
of Hamiltonians for large-scale spin systems. Here we propose to implement an antiferromagnetic
model through optoelectronic correlation computing with SPIM. Also we exploit the gauge transfor-
mation which enables encoding the spins and the interaction strengths in a single phase-only spatial
light modulator. With a simple setup, we experimentally show the ground state search of an anti-
ferromagnetic model with 40000 spins in number-partitioning problem. Thus such an optoelectronic
computing exhibits great programmability and scalability for the practical applications of studying
statistical systems and combinatorial optimization problems.

I. INTRODUCTION

The spin glass models are widely used for investiga-
tions of interacting systems in both science and engineer-
ing [1–12]. In the past decades, the developments in spin
machines have generated tremendous interest due to the
prospects of solving a large class of NP-hard problems by
searching the ground states of spin system Hamiltonians
[13]. Optimization problem solvers with remarkable per-
formance have been demonstrated in various systems, e.g.
trapped ions [14–16], atomic and photonic condensates
[17, 18], superconducting circuits [19], coupled paramet-
ric oscillators [20–30], injection-locked or degenerate cav-
ity lasers [31–34], integrated nanophotonic circuits [35–
40], and polaritons [41–43].
Recently, like optical analog computations exploring

the spatial degrees of freedom [44–52], the spatial pho-
tonic Ising machine (SPIM) has been proposed with reli-
able large-scale Ising spin systems, even up to thousands
of spins [53]. With spatial light modulations, these spa-
tial Ising spin setups benefit from the high speed and
parallelism of optical signal processing [53–57]. Although
the modeling of ferromagnetic and spin glass systems
has been demonstrated [58], how to implement antifer-
romagnetic models in SPIM has not been proposed yet.
In particular, the antiferromagnetic Ising models are im-
portant and extensive in research fields like oxide ma-
terials [59] and giant magnetoresistance [60, 61]. Also,
the combinatorial optimization problems with antiferro-
magnetic Ising models have many real-world applications
such as multiprocessor scheduling, minimization of cir-
cuit size and delay, cryptography, and logistics analysis
[62, 63].
In this Work, we propose to implement the antiferro-

magnetic model through optoelectronic correlation com-
puting. We show that an antiferromagnetic Hamilto-
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nian can be evaluated through the correlation between a
distribution function and the measured optical intensity
with SPIM. We experimentally demonstrate the ground-
state-search process with a number-partitioning prob-
lem, where 40000 spins are connected with random an-
tiferromagnetic interaction strengths. Our results show
that the proposed antiferromagnetic model in SPIM can
evolve toward the ground state, exhibiting an efficient
approach by scalable degrees of freedom in spatial light
modulation.

II. RESULTS

A. Optoelectronic correlation computing for

Mattis-type Ising model

We first introduce the gauge transformation for SPIM,
which encodes the spins and the interaction strengths in
a single phase-only spatial light modulator (SLM) [58].
We consider a Mattis-type spin glass system with the
Ising model Hamiltonian H = −

∑

jh

Jjhσjσh, where the

spin configuration is S= {σj} (j = 1, 2, · · ·N) and σj

takes binary value of either +1 or −1, representing the
spin-up or spin-down state respectively. The interaction
strengths can be expressed as Jjh = Jξjξh, where J is
an interaction strength as a function of the distance be-
tween two spins with the unit of energy, and the ampli-
tude modulation ξj is limited as −1 ≤ ξj ≤ 1. By the
gauge transformation shown in Fig. 1(a), when rotat-
ing each original spin σj with the angle αj = arccos ξj ,
the new spin vector σ′

j is projected on the z-axis to ob-

tain the effective spin σ′
j
z

= ξjσj . As a result, the
gauge transformation keeps the Hamiltonian invariant
H = −

∑

jh

Jσ′
j
z
σ′
h
z
, while the interactions between the

z components of gauge-transformed spins are equal to
the strength J .
The gauge invariance property promises that the ex-

perimental implementation only needs a single phase-
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FIG. 1. (a) Schematic of the gauge transformation. The dotted, blue and red arrow correspond to the origin spin σj , the new
spin vector σ′

j and the effective spin vector σ′
j
z
, respectively. (b) The experimental optical setups for SPIM: SLM, spatial light

modulator; C, collimator; L, lens; P, polarizer. A collimated laser beam illuminates the SLM. By gauge transformation, the
gauge-transformed effective spin configuration S′z =

{

σ′
m,n

z}

is encoded through a single phase-only SLM following Eq. (1).
The modulated light is detected by a CCD camera in the back-focus plane of Lens L1.

only SLM, with uniform illumination by a collimated
uniform laser beam [Fig. 1(b)]. This setup circumvents
the difficulty of pixel alignment in the previously pro-
posed SPIM [53–56], and therefore greatly improves the
system stability and the computing fidelity. Since the
spins are loaded through two-dimensional spatial modu-
lation, the j-th spin is distributed in a square lattice at
j = (m,n), where 1 ≤ m ≤ Nx, 1 ≤ n ≤ Ny. Accord-
ing to Ref.[58], after the gauge transformation, each spin
is encoded by a macropixel with phase modulation ϕm,n

such that σ′
j
z
= exp(iϕm,n) and

ϕm,n = σm,n

π

2
+ (−1)m+nαm,n. (1)

Then with Lens L1 of the focal length f performing
Fourier transformation, we detect the band-limited in-
tensity distribution I(u) confined within the first diffrac-
tion order zone A on the focal plane, and I(u) =
∑

jh

σ′
j
z
σ′
h
z
ei

2π
fλ

(xj−xh)·usinc2(uW
fλ

), where λ is the wave-

length, f is the focal length of lens L1, W is the length
of each macropixel, xj = W j is the center position of the
j-th pixel, u = (u, v) is the spatial coordinate in the focal
plane, and sinc(u) = sinπu

πu
sinπv
πv

. Suppose that we preset
a distribution function gc(u) and evaluate the correlation
function F as

F =

∫

A

I(u)gc(u)du =
∑

jh

G(j− h)σ′
j
z
σ′
h
z
. (2)

Here

G(k) =

∫

A

gc (u) sinc
2(
Wu

fλ
)ei

2πW
fλ

k·udu, (3)

that is, G(k) is the Fourier transformation of
gc (u) sinc

2(Wu

fλ
). Indeed, Eq. (2) shows that by preset-

ting an appropriate gc, a Mattis-type Ising Hamiltonian
can be evaluated as

H = −F = −
∑

jh

G(j− h)σ′
j
z
σ′
h
z
. (4)

We note that the distribution function gc(u) is distinct
from the target intensity IT (u) proposed in Ref. [53].
Here gc(u) can be an arbitrary real function to guarantee
an even function of the interaction strength [c.f. Eq. (3)],
which has either positive or negative values, while the
target intensity IT always has non-negative values. In
particular, for the antiferromagnetic model, all the in-
teraction strengths Jjh < 0. In the case that ξjs are
positive, G(j − h) should be negative to ensure antifer-
romagnetic interactions between all the spins. It leads
that gc must be negative for some values of u, otherwise
Eq. (3) shows G > 0 for j = h. Moreover, when gc has
both positive and negative values, the Hamiltonian can
be evaluated through the correlation function as Eq. (2),
while it cannot be implemented by the target-intensity
approach.

B. Number-partitioning problem with the

antiferromagnetic Hamiltonian

The antiferromagnetic model in SPIM provides a new
computation platform for studying the challenging com-
binatorial optimization problems. As a demonstration,
here we present the ground-state-search process of a com-
binatorial optimization problem, the NP-hard number-
partitioning problem [13, 64]: One would like to divide a
set Ξ = {ξj}, containing N real numbers (j = 1, 2, · · ·N),
into two subsets Ξ1 and Ξ2, such that the difference be-
tween the summations of elements in two subsets

∑

1 =
∑

ξj∈Ξ1

ξj and
∑

2 =
∑

ξj∈Ξ2

ξj is as small as possible. With-

out loss of generality, we suppose all ξjs in the set Ξ
are real numbers belonging to the range (0, 1]. Specifi-
cally, when the number set Ξ has parity symmetry, the
spins of such models can be analytically optimized. For
instance, for the set with an even total number of ξjs,
when ξj = ξN+1−j , the spin should be σj = −σN+1−j to
ensure the equivalence of two subsets. In general, by la-
beling the elements belonging to two different subsets Ξ1

and Ξ2 with σj = 1 and −1 respectively, the optimization
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is equivalent to minimizing the antiferromagnetic Hamil-
tonian H = (

∑

j

ξjσj)
2 =

∑

jh

ξjξhσjσh.

To implement such an antiferromagnetic Hamiltonian
in SPIM, we explore the gauge transformation to search
a spin configuration S′ =

{

σ′
j
z}

where σ′
j
z
= ξjσj while

keeping the interaction strength between any two spins
G(k) = −1. Due to the gauge invariance, the Hamil-
tonian is H =

∑

jh

σ′
j
z
σ′
h
z
and the optimized value of

|
∑

1 −
∑

2| is the total magnetization strength of the

gauge-transformed spins |m′| = 1
N

∣

∣

∣

∣

∣

∑

j

σ′
j
z

∣

∣

∣

∣

∣

. During the

experimental iterations, the spin configuration is updated
gradually [53], and the system definitely evolves to the
ground states, indicating the process of solving the opti-
mization problem.

C. Experimental ground state search

We experimentally demonstrate the ground-state-
search process with the number-partitioning problem. As
shown in Fig. 1(b), a collimated Gaussian beam (wave-
length λ = 532 nm) is expanded by two confocal lenses
L2 (50mm focal length) and L3 (500mm focal length).
After expansion, the waist radius of the collimated beam
is about 36mm. Then a polarizer P is used to prepare
the incident beam linearly polarized along the long dis-
play axis of the SLM (Holoeye PLUTO-NIR-011). The
SLM is calibrated through the two-shot method based
on generalized spatial differentiator [65]. Lens L1 with
the focal length f = 100mm performs Fourier transfor-
mation, where a CCD beam profiler (Ophir SP620) is
used to detect the optical field intensity on the back fo-
cal plane.
As an example, we demonstrate the searching process

with the number-partitioning problem of a set Ξ = {ξj}
with N = 40000 elements. The set Ξ is randomly gen-
erated that each element ξj is a real number randomly
chosen from (0, 1], as presented in Fig. 3(a) in the form
of a 200-by-200 array. Here each spin is encoded by a
macropixel with 2-by-2 pixels on SLM with the length
of W = 16µm. Since the beam size is much larger than
that of the array, we assume that light illuminates each
macropixel with a uniform amplitude.
In order to evaluate the correlation function F , we

first numerically calculate the distribution function gc(u)
through Eq. (3). Given the interaction strength between
any two spins G(k) = −1, Fig. 2(a) shows the calculated
distribution function gc(u). We note that gc(u) have
both positive and negative values, which means such a
case cannot be implemented by the target-intensity ap-
proach as Ref. [53]. We also need to calibrate the in-
tensity measurement such that the distribution function
gc(u) has the same origin as the intensity distribution
I(u). In order to reduce the impact of optical aber-
rations, we measure the intensity distribution on CCD
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FIG. 2. (a) Calculated distribution function gc(u) of the an-
tiferromagnetic Mattis model, where the interaction strength
between any two spins G(k) = −1. (b) By setting the SLM
with uniform phase modulation, we measure the intensity on
CCD plane and thus determine the origin of coordinates at
the maximal intensity.

plane [Fig. 2(b)] by setting the SLM with uniform phase
modulation. Therefore, the origin of I(u) is marked at
the maximal intensity through the numerical fitting.
Next we start with the initial state that all spins are

uniformly distributed as σj = 1 and update the spin con-
figuration for ground state search. Here we utilize the
Markov chain Monte Carlo algorithm, where σjs are ten-
tatively updated during each iteration, and the gauge-
transformed spins σ′

j
z
= ξjσj are encoded on SLM fol-

lowing Eq. (1). Then we measure the intensity I(u) on
the CCD and evaluate the system Hamiltonian through
the correlation function F as Eq. (2). The updated spin
configuration is accepted only when the Hamiltonian de-
creases.
Figure 3(b) shows the evolution of the Hamiltonian H

and the amplitude of the gauge-transformed magnetiza-
tion |m′| during the ground-state-search process. In the
experiment, four independent trials are conducted with
the initial state that all spins are uniformly distributed.
For all the four cases, the Hamiltonian H and the mag-
netization |m′| decrease rapidly at the beginning of the
iteration, because the initial spin configuration strongly
deviates from the ground state. As the number of it-
erations increases, the Hamiltonian tends to be stable,
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FIG. 3. Experimental results for the searching process of number-partitioning problem. (a) The set Ξ = {ξj} containing
40000 elements, where each ξj is chosen randomly from (0, 1] with uniform probability. (b) Evolutions of the Hamiltonian
H and amplitude of the gauge-transformed magnetization |m′| during the iterations. Four independent trials are conducted
with uniform initial spin configurations. For clear visualization, (c) and (d) respectively presents only a part of the final
configurations of the gauge-transformed spins

{

σ′
j
z}

on SLM and the original spins {σj}, which correspond to the red square
box in (a).

while the |m′| starts to fluctuate. We attribute it to the
too weak intensity distribution I(u), which is strongly
affected by the noise during the measurement. As a re-
sult, the spin configuration may be incorrectly updated
with the distribution resulting in a larger |m′|. The ac-
curacy can be improved by using a wide dynamic-range
detector for intensity measurement, or by adjusting the
input light intensity in real time within a suitable range.
Here for clear visualization, corresponding to the red

square in Fig. 3(a), Figs. 3(c) and (d) present a part of
the final configurations of the gauge-transformed spins
S′ =

{

σ′
j
z}

and the resulting spin configuration {σj}, re-
spectively. Overall, for all these four trials, |m′| reaches
lower than 1.7×10−3 within 100 iterations. Thus during
the ground state search, the magnetization |m′| decreases
by nearly three orders of magnitude, which indicates the
validity of the gauge transformation method for antifer-
romagnetic model.

III. CONCLUSION AND DISCUSSION

We propose to implement antiferromagnetic model in
SPIM. By gauge transformation, an antiferromagnetic
Hamiltonian can be evaluated through the correlation be-
tween the distribution function and the measured optical
intensity with SPIM. To improve the processing speed
of the system, the ultrafast SLM and CCD at gigahertz
rates with the most recent technologies [66, 67] is helpful
and practical. Also, the computing accuracy can be im-

proved with a more sensitive CCD camera. We note that
our proposed method can be applied to the ground-state-
search process, e.g., adiabatic evolution and simulated
annealing algorithms [68, 69].
In summary, we optically demonstrate the ground-

state-search process of an antiferromagnetic Mattis
model with thousands of spins, as well as the number-
partitioning problem. With the improved accuracy re-
sulting from gauge transformation, we successfully re-
duce the total magnetization strength of the gauge-
transformed spins |m′| by nearly three orders of magni-
tude. Thus for practical applications in modeling sta-
tistical systems and studying combinatorial optimiza-
tion problems, such an optoelectronic computing exhibits
great programmability and scalability in large-scale sys-
tems.
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A. Eckardt, M. Lewenstein, et al., Engineering Ising-XY
spin-models in a triangular lattice using tunable artificial
gauge fields, Nature Physics 9, 738 (2013).

[18] B. Kassenberg, M. Vretenar, S. Bissesar, and J. Klaers,
Controllable Josephson junction for photon Bose–
Einstein condensates, arXiv preprint arXiv:2001.09828
(2020).

[19] M. W. Johnson, M. H. S. Amin, S. Gildert, T. Lanting,
F. Hamze, N. Dickson, R. Harris, A. J. Berkley, J. Jo-
hansson, P. Bunyk, et al., Quantum annealing with man-
ufactured spins, Nature 473, 194 (2011).

[20] P. L. McMahon, A. Marandi, Y. Haribara, R. Hamerly,

C. Langrock, S. Tamate, T. Inagaki, H. Takesue, S. Ut-
sunomiya, K. Aihara, et al., A fully programmable 100-
spin coherent Ising machine with all-to-all connections,
Science 354, 614 (2016).

[21] T. Inagaki, Y. Haribara, K. Igarashi, T. Sonobe, S. Ta-
mate, T. Honjo, A. Marandi, P. L. McMahon, T. Umeki,
K. Enbutsu, et al., A coherent Ising machine for 2000-
node optimization problems, Science 354, 603 (2016).

[22] T. Inagaki, K. Inaba, R. Hamerly, K. Inoue, Y. Ya-
mamoto, and H. Takesue, Large-scale Ising spin network
based on degenerate optical parametric oscillators, Na-
ture Photonics 10, 415 (2016).
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Töpfer, P. Cilibrizzi, W. Langbein, and P. G. Lagoudakis,
Realizing the classical XY Hamiltonian in polariton sim-
ulators, Nature Materials 16, 1120 (2017).

[42] K. P. Kalinin and N. G. Berloff, Simulating Ising and
n-state planar potts models and external fields with
nonequilibrium condensates, Physical Review Letters
121, 235302 (2018).

[43] K. P. Kalinin, A. Amo, J. Bloch, and N. G. Berloff,
Polaritonic XY-Ising machine, Nanophotonics 9, 4127
(2020).

[44] A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alù,
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