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Abstract—Photonic Ising machines exploit the intrinsic par-
allelism and ultrafast speeds of optical hardware to accelerate
ground-state searches for combinatorial optimization. By em-
bedding this functionality into a reconfigurable, general-purpose
hexagonal-mesh photonic processor, we obtain a scalable plat-
form capable to address diverse optimization tasks. We present
a novel optoelectronic Ising solver in which the programmable
photonic chip performs on-chip matrix multiplications to evaluate
the Hamiltonian, while an electronic simulated-annealing loop
drives iterative spin updates. As a proof of concept, we imple-
ment our architecture on the 72-unit-cell SmartLight processor
and experimentally solve a three-node ferromagnetic coupling
problem with external bias. To our knowledge, this constitutes
the first demonstration of an Ising machine on a general-purpose
hexagonal photonic mesh, paving the way for integrated photonic
accelerators in optical computing and signal processing systems.

Index Terms—programmable photonics, photonic ising ma-
chines, photonic integrated circuit

I. INTRODUCTION

Combinatorial optimization problems are found in a wide
array of scenarios, including logistics, finance, circuit synthesis
and drug discovery [1], [2]. These tasks can be mapped onto
an Ising model by encoding each variable as a binary spin
0; € {£1}, leading to the Hamiltonian

H:% ZJijUin _zi:hia'i 1

<i,j>

where J;; denotes spin—spin couplings and h; represents an
external bias. Finding the ground state of this Hamiltonian
is equivalent to solving the original optimization problem.
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Fig. 1: A schematic of the combinatorial-optimization work-
flow: a discrete problem is mapped onto an Ising Hamiltonian,
and its ground-state solution is found by minimizing the
corresponding energy landscape on a photonic processor.

However, the number of possible configurations grows expo-
nentially with the spin count, imposing prohibitive compu-
tational and energy requirements on conventional von Neu-
mann processors. This bottleneck, increased by the slowing
of Moore’s law, has driven the development of specialized,
energy-efficient hardware accelerators for large-scale opti-
mization [3], [4].

Ising machines have been realized across diverse hardware
platforms, including CMOS-based annealers [5], magnetic tun-
nel junction arrays [6] and superconducting quantum circuits
[7]. Photonic implementations stand out for their intrinsic
parallelism, ultrafast operation and low propagation losses [8].
Early versions using bulk optics and fiber loops demonstrated
accelerated matrix—vector multiplications [9], but were limited
by alignment sensitivity, stability and large footprints. These
challenges have motivated the move to integrated photonics.
In particular, programmable photonic processors, constructed
from reconfigurable meshes of tunable Mach—Zehnder in-
terferometers, offer a compact, robust, on-chip platform for
universal linear transformations [10], [11]. An schematic of
the workflow of photonic Ising machines is presented in Fig. 1.
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In this work, we introduce the first on-chip programmable
photonic Ising machine on a general-purpose processor, which
combines an eigendecomposition-based Hamiltonian solver
with a simulated-annealing algorithm. Spin variables are en-
coded as optical phase shifts, and following the photonic
vector—matrix multiplication by the orthogonal and diagonal
matrices resulting from the decomposition of the Ising cou-
pling matrix, the Ising Hamiltonian is recovered via a single
on-chip intensity measurement [12]. A digital feedback loop
then performs iterative spin updates according to the measured
energy and a temperature-dependent acceptance rule [13].
Our proof-of-concept employs the SmartLight processor from
iPronics, a hexagonal mesh of thermally tunable MZIs [14], to
compute Hamiltonians for coupling matrices up to 4 x 4. We
validate this photonic annealer on a three-node ferromagnetic
problem achieving success probabilities approaching unity in
most cases. These results lay the groundwork toward fully
integrated, programmable photonic architectures for large-
scale combinatorial optimization with unprecedented speed
and energy efficiency.

II. ARCHITECTURE AND WORKING PRINCIPLE

We propose the combination of an eigendecomposition-
based Ising solver for Hamiltonian calculation with a
simulated annealing algorithm for optimization. The
eigendecomposition-based Ising solver is implemented
on a hexagonal, reconfigurable photonic mesh to perform
the most demanding linear algebra operations in the optical
domain.

In the Ising model, the matrix J is symmetric and thus,
we can take advantage of the properties of this type of
matrices. A symmetric matrix can easily be diagonalized with
its eigenbasis such that one can write back J as J = QTAQ.
Here, () is an orthogonal matrix whose columns are the
eigenvectors of J, and A is a diagonal matrix containing
the eigenvalues of J. For further simplification, A can be
decomposed into the multiplication of two diagonal matrices
A = +/D+/D. Then, we get

H(o) = —%JTQT\/B\/BQU _ —%(\/BQJ)T(\/BQU)
2)
It can be shown that if we encode the vector-matrix multipli-
cation v/ DQo in the optical domain, a single on-chip intensity
measurement then yields the corresponding Hamiltonian value
H(o) via direct photo-detection as follows

H(o) = % (Z L=y L-) 3)

A <0 Ai>0

where [; are the optical intensities corresponding to the
eigenvalues \; of J.

The photonic hardware used is the SmartLight processor,
a general-purpose platform comprising 17 hexagonal cells
and 72 programmable unit cells (PUCs), see Fig. 2a. As
illustrated in Fig. 2b, an input splitter tree first distributes
laser power into multiple paths. An array of dual-drive MZIs

(b)

Fig. 2: (a) Image of the programmable photonic chip in the
Smartlight processor and (b) Schematic represeantation of the
hexagonal processor configured for Hamiltonian calculation.
The green elements represent the splitter tree and the input
encoding of the spin state, the blue an orange elements
are configured to perform a 4x4 unitary transformation on
the hexagonal mesh while the final array of blule elements
implements the diaognal multiplication. The signals are pho-
todetected with on-chip detection.

encodes each spin bit o; = £1 into the amplitude and phase
of the optical field: bar state sets the amplitude, while dual
phase shifters introduce the +1 sign. A rectangular MZI
network implements the orthogonal matrix @ following the
Clements design [15], and a subsequent MZI stage encodes the
diagonal matrix v/D. Although the mesh is natively unitary,
this ancillary stage enables non-unitary multiplications, the
first such demonstration on a general-purpose photonic mesh.
On-chip photodiodes then convert the output intensities into
electrical signals proportional to H (o).

A digital controller completes the solver by executing a
simulated-annealing loop. At each iteration, the measured
energy determines whether to flip a randomly chosen spin
according to a temperature-dependent acceptance probability.
High temperatures allow broad exploration of the energy
landscape, while gradual cooling ensures convergence to the
ground state. The algorithm proceeds as shown in Algorithm
1

III. EXPERIMENTAL RESULTS
A. Hamiltonian Calculation

The experimental validation of on-chip Hamiltonian com-
putation proceeded in three stages. First, we generated 500
random coupling matrices of size 3 x 3 and 400 of size 4 x 4,
and performed an eigendecomposition to obtain @ and v/D.
These matrices were loaded into the SmartLight processor,
which implements () via a rectangular MZI network with
fidelities of 99.2 & 0.3% for 3 x 3 and 98.4 +0.3% for 4 x 4
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Algorithm 1 Simulated-Annealing Loop for Photonic Ising
Solver

Require: Coupling matrix J, initial temperature 7j, cooling
factor o, max iterations Ny ax

1: Decompose J = QAQT, factor A = VDD

2: Program photonic mesh with Q and v/D

3: Randomly initialize spin vector (%)

4: for n =0 to Npax — 1 do

5:  Measure H(c(™) via on-chip intensity readout

6:  Propose ¢’ by flipping one spin in ¢(™)

7. Measure H (o)

8 AH <« H(o')— H(c™)

9: if AH <0 then

10: ot o

11:  else

12: Accept ¢’ with probability exp(—AH/T,); other-
wise keep (")

13:  end if

14: Thy < al,

15: end for

Ensure: Best configuration found (lowest H)

(bit precision > 5bits) as shown in Fig. 3a. Next, diagonal
entries were normalized to [0, 1] by dividing by the maximum
eigenvalue, and this factor, squared, was used to scale the
photocurrents upon detection.

Second, all 23 (3x3) and 2* (4 x 4) spin configurations were
encoded using an array of dual-drive MZIs: each MZI was set
to the bar state to impose unit amplitude, while the sign of
0; = *1 was realized by tuning both phase shifters. On-chip
photodiodes then measured intensities I; = |(v/ DQo);|?, from
which the Hamiltonian values were computed using Eq. (3),
yielding 4000 and 6400 measurements for the two cases.

Finally, we compared these measured Hamiltonians against
the theoretical values (Fig. 3b), obtaining coefficients of de-
termination 72> = 0.99 for the 3 x 3 case and r?> = 0.98
for 4 x 4. The error distributions exhibit mean squared errors
of 0.007 and 0.016, respectively, demonstrating high-accuracy
Hamiltonian evaluation across all configurations.

B. 3-Node Problem

As a benchmark, we consider the canonical three-spin
ferromagnetic lattice [16], in which each spin interacts with its
two neighbors and experiences a small external bias i = 0.01.
The coupling strengths satisfy J; = Jy = 1, while J3 is varied

via the ratio
J3

Jo’
swept from —1.5 to 1.5 in steps of 0.1. For each o, we ex-
perimentally performed 1000 independent simulated-annealing
runs of 100 iterations each, and computed the success proba-
bility as the fraction of runs that converged to the ground-state
configuration.

In Fig. 4a we present a representative energy trace alongside
an inset of success probabilities across all configurations for o
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Fig. 3: (a) Experimental measured fidelity of 3x3 and 4x4
unitary matrices on the hexagonal processor and the compari-
son between the target and measured weights. (b) Comparison
between the expected and measured hamiltonian for 400 3 x3
and 500 4x4 coupling matrices, and all 2% (3 x 3) and 2*
(4 x 4) spin configurations.

= 1.5. The success probability for all « values is presented in
Fig. 4b. In most cases, the optimal state (highlighted in green)
is reached with unity probability and within 40 iterations.
Notable exceptions occur at &« = —0.9 and —1.0, where no
runs found the ground state, and at o = —1.5 and —1.3, which
exhibit reduced success probabilities of 0.962 and 0.945,
respectively.

IV. CONCLUSIONS

We have presented the first on-chip programmable photonic
Ising machine, implemented on a general-purpose hexagonal
MZI mesh. Using the SmartLight processor, we first show
the encoding of 3x3 and 4x4 unitary matrices obtaining
fidelities of 99.2 +0.3% and 98.4 & 0.3%, respectively. Then,
we performed 4000 3 x 3 and 6400 4 x 4 Hamiltonian
evaluations with mean squared errors of 0.007 and 0.016,
respectively. Coupled to a simulated-annealing feedback loop,
the system solved the three-spin ferromagnetic benchmark
across a wide range of coupling ratios, achieving unity success
probabilities in under 40 iterations for most cases. These
results validate the viability of reconfigurable photonic meshes
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Fig. 4: (a) Evolution of the measured Hamiltonian during opti-
mization of the three-node problem on the hexagonal processor
for a = 1.5. Hyounq denotes the Hamiltonian of the ground-
state solution. Inset: success probability of each possible spin
configuration. (b) Success probability as a function of a.

for combinatorial optimization and lay the groundwork for
extending this architecture to larger problem instances.
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