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Lattice quantum chromodynamics (LQCD) calculations are pushing the limits of today’s most
powerful supercomputers. Since most resources are consumed in solving large systems of linear
equations, efficient solvers, such as those based on adaptive multigrid methods, are essential.
However, with the slowdown of Moore’s Law, it is uncertain whether traditional architectures can
deliver the computational power and energy efficiency needed for future LQCD computations.
In this paper, we explore photonic computing as a promising emerging paradigm to extend
performance in the post-Moore’s Law era. By using photons instead of electrons, photonic
processors enable ultra-low latency and energy-efficient matrix operations. To deal with the limited
precision of analog hardware, we introduce mixed-precision photonic solvers based on multigrid
preconditioners (MPPMGP), and present tests on an one-dimensional Schrödinger equation as well
as an emulated MPPMGP solver applied to the 2D U(1) Schwinger model. Potential performance
gains in both speed and energy efficiency are estimated to reach an order of magnitude, highlighting
the potential of specialized photonic hardware to accelerate future LQCD calculations.
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1. Introduction

In the last decades, the steady increase of digital computational power and the development of
efficient algorithms allowed a new era of high-precision lattice quantum chromodynamic (LQCD)
calculations [1]. General-purpose hardware, like CPUs and GPUs, have immensely benefited
from Moore’s law, and algorithms and software have been highly co-optimized for the newest
generations of digital hardware. However, it is not clear if this path will keep offering the required
increase in computational power for future LQCD calculations. General-purpose digital hardware
are increasingly parallel and local, while the required algorithms are sequential, leading to a
limited level of available parallelism to exploit the capabilities of the hardware. Hence, software
and algorithm co-optimization achieves only a fraction of the peak performance of the available
hardware [1, 2].

This leads to the idea of instead, co-optimizing hardware and algorithms to reach higher
performance, both in terms of speed and energy-efficiency. While in the last decade, specialized
hardware has not been practical for LQCD calculations, there is increasingly more room for them,
as Moore’s Law starts to slow down and specialized AI-hardware rises [3, 4]. At the same time,
analog computing is maturing quickly into an interesting tool for hardware specialization [5–8]. For
example, specialized photonic processors achieve ultra-low latency, potentially offering speedups
of more than two orders of magnitude in comparison to GPUs [9].

Mixed-precision methods, where most of the calculation is done in low-precision, and high-
precision correction steps are used sparsely to ensure convergence with high accuracy, are commonly
used in LQCD calculations to extract performance from available hardware [10, 11]. We present
mixed-precision photonic solvers based on multigrid preconditioners (MPPMGP), where photonic
computing complements digital computations, and test this hybrid system by solving a toy problem,
namely, an one-dimensional Schrödinger equation. Then, we present the result for an emulated
MPPMGP used to solve the Dirac system of linear equations arising in LQCD calculations and
estimate an one order of magnitude gain in performance, both in speed and energy-efficiency.

2. Mixed-precision photonic solvers based on multigrid preconditioners

The bottleneck of LQCD calculations is the inversion of the Dirac matrix. Multigrid methods
are widely used for this problem because they excel at eliminating the error of the solution across
all frequencies by operating on coarser representations of the system. In LQCD computations,
they are usually used as a preconditioner to a Krylov solver due to their ability to dampen the
numerically challenging low-frequency error components. Here, as illustrated in Figure 1, we
offload the computationally intensive and noise robust smoothing operation of the multigrid scheme
to our integrated photonic processor [12, 13].

For estimating the performance gain, both in terms of speed and energy-efficiency, we as-
sume that the energy consumption and the computation time of photonic processors are negligible
compared to digital calculations. With this approximation, we estimate the upper limit of the
performance gain of the proposed mixed-precision photonic solver by only considering the digital
double-precision operations. Additionally, we make the approximation that the matrix-vector mul-
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Figure 1: Multigrid methods rely on representing the system on coarser grids to solve the problem at
different scales. We offload the smoothing operation needed in this algorithm to our 9x3 photonic crossbar
array. The information of the input and the matrix is encoded in the light intensity modulation properties of
electro-absorption modulators (EAM). Once the information is sent to the respective EAM, the light passes
through the photonic integrated circuit, and we can measure the result of the matrix-vector multiplication
using photodiodes.

tiplications are the only computationally relevant operations, and that the cost of the solver in the
coarsest grid is negligible [14].

Finally, due to the complexity of the lattice quantum chromodynamic calculation, we do not
perform these calculations on our current experimental setup, and we introduce emulated hybrid
solvers to study the potential of these hybrid solvers on this problem. They emulate our experimental
setup by performing noisy digital 8-bit operations.

3. Toy problem: The quantum quartic anharmonic oscillator

Here, we test an MPPMGP on the quantum quartic anharmonic oscillator (QQAO). The
eigensolver consists of an LOBPCG solver with a multigrid preconditioner with three levels. In
Figure 2a, we observe that the MPPMGP eigensolver uses considerably fewer double-precision
operations than the same eigensolver fully in the digital domain for the QQAO to converge to the
same accuracy. Additionally, we see that our noisy emulator behaves similarly to our photonic
processor for this problem, validating it as a good approximate model.

4. Emulated results for lattice QCD

Here, we use an adaptive scheme commonly used in LQCD calculations to construct the
multigrid preconditioner [14], and test the resulting emulated MPPMGP solver on the Wilson-Dirac
operator of the 2D U(1) Schwinger model. During the setup phase within this adaptive scheme, we
approximately compute a space spanned by the eigenvectors with the smallest eigenvalues and use it
to construct a multigrid solver. This phase consists of a photonic smoother and the residual iteration
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Figure 2: Comparison of the required total number of operations/matrix-vector multiplications for different
solvers to converge with |𝑟 | = 10−10 accuracy, where we perform the operations either in double-precision,
with a noisy 8-bit emulator, or with our photonic processor. We observe that we can offload most of the
calculation to the optical domain, leading to a potential increase in performance, both in terms of speed and
energy efficiency.

(RI) method. We solve 100 linear equations with different gauge link configurations and different
random right-hand sides (RHS) using a mixed-precision solver that consists of a conjugate gradient
(CG) solver with a multigrid preconditioner with two levels combined within an RI outer loop.
To estimate the performance gains of the proposed solver for systems of linear equations with a
single RHS, we compare the performance of the unpreconditioned CG with the emulated MPPMGP
solvers, as shown in Figure 2b. The computational cost of the hybrid solver is the combined cost
of the setup phase and solving the problem for a single RHS with the multigrid preconditioned CG
(MGCG). We observe a reduction of high-precision digital operations by 90%, which is equivalent
to a maximum performance gain both in terms of speed and energy consumption of one order of
magnitude within our approximations.

5. Discussion

LQCD calculations do not fully benefit from modern general-purpose parallel digital hardware
due to the sequential nature and the low-arithmetic intensity of current algorithms [1, 15]. Analog
computing is an interesting alternative tool for implementing specialized hardware. In this paper,
we use the high bandwidth and the low-latency of photonic processors to propose hybrid, mixed-
precision solvers for LQCD calculations and estimate an one-order-of-magnitude improvement in
speed and energy efficiency compared to fully digital solvers.
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