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Spatiotemporal Dual-Domain Computing
Architecture: A Programmable Photonic
Parallel Solver for Differential Equations
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Based on the tunable liquid crystal Schematic representation of the spatially aII-opticaI

platform, arbitrary function parallel variable-coefficient first-order ordinary differential

input and differential equation equation solver.

coefficient regulation are realized in

the spatial and temporal domains

respectively. Experiments demonstrate the parallel solution of 158 variable-coefficient
differential equations through a single optical transmission.

Differential equations serve as the core mathematical language for describing natural laws. From
the operation and evolution of celestial bodies in the universe, the simulation and prediction of
natural climates, to the interweaving and collision of micro-particles, the dynamic laws of the
myriad worlds are embodied in their formulations. However, the vast majority of differential
equations have complex forms and are difficult to solve analytically, thus numerical computation
methods are often adopted. As we all know, traditional electronic computing methods face
bottlenecks in processing speed and efficiency when dealing with massive amounts of data.
Therefore, all-optical computing, characterized by low energy consumption and high speed, is
regarded as a highly promising breakthrough direction.

Currently, optical solutions for differential equations mainly consist of two architectures: "spatial
domain" and "temporal domain". The "spatial domain" architecture (which simulates input
functions using spatial distribution) inherently possesses the capability of parallel processing of
large datasets. Nevertheless, once the device is fabricated, its functionality becomes fixed,
making it impossible to adjust the coefficients of the differential equations. The "temporal
domain" architecture (which achieves dynamic temporal tuning through classic structures such
as resonant micro-rings and Mach-Zehnder interferometers) enables changes to the equation
coefficients. However, its parallel solving capability often relies on complex and expensive multi-
channel multiplexing technology. How to simultaneously achieve efficient parallel processing
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capability and flexible variable-coefficient solving constitutes a significant challenge in the field of
all-optical computing.

The authors of this article have provided a solution to this challenge. They proposed an all-
optical reconfigurable differential equation solver based on electrically tunable liquid crystals,
which for the first time efficiently integrates the inherent parallel solving advantages of the
spatial domain architecture with the dynamically tunable capabilities of the temporal domain
architecture. Efficient solving of variable-coefficient differential equations in multiple scenarios
has been demonstrated.

The research team implemented the solution of first-order variable-coefficient differential
equations based on the classic 4f system. The researchers designed the input function of the
differential equation as the input end of the 4f system, the function to be solved as the output of
the 4f system, and the coefficients of the differential equation were simulated by designing a
filter on the frequency spectrum plane of the 4f system. In this study, the 4f filter was
implemented based on a tunable liquid crystal device. The research found that the transfer
function of the differential equation can be accurately simulated by the tunable liquid crystal
device: there is a clear functional mapping relationship between the spatial frequency kx and the
in-plane azimuth angle of the liquid crystal, and the coefficients of the differential equation also
have a clear functional relationship with the dynamic phase of the liquid crystal. Since the
dynamic phase of the liquid crystal can be flexibly adjusted through electronic control, this
means that the coefficients of the differential equation can be changed at any time with the
control voltage. At the input end, since the input function only occupies one column in space,
different input functions can be arranged and designed in different columns, thereby realizing
the multi-input parallel computing function. The above innovative design fully combines the
parallel capability of spatial domain computing and the tunable capability of temporal domain
computing. Only one optical propagation is required to simultaneously record and obtain the
solution results of N variable-coefficient differential equations at the output end of the 4f system
(where N is the number of input functions).

In the experiment, the research team demonstrated the ability to achieve parallel computing of
158 differential equations in a single operation, as well as the simple and efficient solution of
practical physical problems such as heat conduction and RC cascade circuits. The experimental
results under different input functions and equation coefficients are highly consistent with the
theoretical results, verifying the effectiveness of the method proposed by the team. The most
prominent feature of this new type of solver lies in its powerful parallel computing and
reconfigurable solving capabilities. Unlike traditional computing methods that require step-by-
step calculation of a single equation, this all-optical solver can solve multiple differential
equations simultaneously, greatly improving computing efficiency.

From the perspective of computing mode, spatial domain computing inherently possesses
parallel processing capabilities, while optical computing has the advantages of high speed and
low energy consumption. The combination of the two endows this scheme with significant



potential in high-throughput data processing scenarios. In addition, the system also supports
multi-wavelength signal processing, providing possibilities for multi-channel and broadband
parallel computing. In the future, by introducing time-varying input signals, its processing
throughput is expected to be further improved. Compared with metasurface schemes based on
precision micro-nano processing, the liquid crystal scheme maintains high computing
performance while featuring more flexible preparation processes and lower costs; compared
with complex temporal domain multiplexing systems, its parallel processing method is more
direct and efficient. This work opens up a new path for the development of high-speed, compact,
multi-channel, and reconfigurable all-optical parallel information processing systems, and has
broad application prospects in fields such as all-optical diffractive neural networks, real-time
image recognition, and signal processing in the future.
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