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Metasurface-Based Imagers Enabled Arbitrary
Optical Convolution Processing
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Abstract
Using meta-imagers composed of a meta-lens and a complex-amplitude meta-modulator, all-optical convolutional
processing that arbitrarily reshapes the point spread function of an optical system can now be implemented.

Image processing is a technology that transforms an
image into the desired form by applying numerous con-
volution operations to digital image data, and it is
increasingly becoming a core technology in science and
engineering1–3. In particular, due to the recent remarkable
development of the convolutional neural network
(CNN)4,5, the importance and applications of image pro-
cessing are increasing day by day. CNN is a mathematical
and computational model that gives weighted outputs by
connecting numerous numbers of layers (neurons, or
nodes) to use a convolution operator as a single layer, and
shows excellent performance in image recognition, image
classification, image segmentation, etc. However, digital
image processing using electronic devices has weaknesses
such as limited computational speed due to low response of
electrons, heat generation, and a lot of energy consump-
tion. Therefore, many studies on optical signal processing
or optical computation that processes light information in
large-scale and real-time have been conducted6,7.
Generally, there are two main methods of optical signal

processing8. One is a method using Fourier optics
(Fourier spatial filtering)9,10, and the other is a method
using Green’s function11,12. In Fourie optics, optical
components such as a lens or a spatial filter (modulation
mask) can modulate optical signal as a function of its
frequency components. The Fourier method processes
optical data by modulating the desired frequency

component using a lens and a spatial filter (modulation
mask) and reconstructing it with an inverse Fourier
transformation. Therefore, The Fourier method has a
disadvantage in that it is not suitable for a miniaturized
integrated system because it uses the existing complex
and bulky optical elements. Additionally, arbitrary con-
volution processing requires not only the modulation of
light amplitude but also the modulation of the light phase.
Since traditional optical elements can manipulate only the
amplitude of light, the Fourier method has the dis-
advantage of not being able to implement complex-
amplitude modulation for arbitrary convolution opera-
tion. Green’s function method executes optical signal
processing by modulating the transmission (or reflection)
of nanophotonic structure with various approaches.
Although Green’s function method has the advantage of
miniaturizing the whole system because the designed
structure works as a single device, it has many constraints
in designing and fabricating devices to operate versatile
functions depending on various needs.
To realize an optical processor with compactness and

versatile functions, a lot of nanophotonic systems using
metamaterials13, metasurfaces14, photonic crystals15, surface
plasmon-based devices16, topological photonics17, etc. have
been reported nowadays. However, a structure capable of
complex-amplitude modulation (controlling the phase and
intensity of light simultaneously) required for all-arbitrary
optical convolution processing has not been published yet.
Now, writing in Light: Science & Applications, Weiwei Fu

et al reported a doublet meta-imager consisting of a meta-
lens for image magnification and a meta-modulator that
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(first electronically addressed SLM, then optically
addressed SLM) used in the past. This make the Holo-
bricks more straightforward to assemble, and potentially
more affordable to build.
Some more works is still needed to improve the image

quality displayed by the Holobricks, such as eliminating
the speckle noise still present in the hologram. However,
the authors hope that this work could pave the way to an
ultra-large-size and large-viewing-angle holographic
displays. Based on the specific application requirements,
the Holobricks can be designed into different holo-
graphic display configuration, such as holographic video
displays, holographic video walls, or holographic inter-
active kiosks, etc.
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Abstract
A photonic connection between turbulence and spin glasses has been recently established both theoretically and
experimentally using a random fiber laser as a photonic platform. Besides unveiling this interplay, it links the works of
two 2021 Nobel laureates in Physics.

The 2021 Nobel Prize in Physics was awarded to Klaus
Hasselmann, Syukuro Manabe, and Giorgio Parisi for
their “groundbreaking contributions to our understanding
of complex physical systems.” One of the striking issues
featured by the Nobel Committee for Physics in the
“Scientific Background” document1 was the recent
unveiling of the intricate interplay between turbulence
and spin glasses, two of the most elusive physical phe-
nomena that lie at the very heart of the seminal works by
Hasselmann and Parisi, respectively.
In a series of articles2–4 using a random fiber laser (RFL)

as a photonic experimental platform, our group first
characterized2 the spin glass phase with replica symmetry
breaking (RSB) above the RFL threshold, and then dis-
covered3 in the same set of measurements a simultaneous
photonic turbulent-like regime of emitted intensities,
successfully described by a hierarchical stochastic model
including Kolmogorov’s tenets for turbulence, viz. energy
cascade and intermittency. We finally built in4 the con-
nection between these complex photonic behaviors

through a modified Pearson coefficient comprising both
turbulent and spin glass phases.
RFLs are the quasi one-dimensional realization5 of

random lasers (RLs), a class of disordered photonic sys-
tems proposed early in 1968 but unambiguously demon-
strated only in 1994, as reviewed in6. RLs differ from
conventional lasers as their operation does not require a
conventional optical cavity. Rather, the optical feedback
for laser action arises from multiple light scattering by
elements (atoms, ions, nano- or micro-particles) ran-
domly located within the lasing medium. In2–4 we have
employed a specially designed erbium-doped fiber with a
huge number of inscribed random fiber Bragg gratings,
resulting in an open disordered complex system with
suitable gain and scattering to provide the optical feed-
back for RL action.
The spin glass phase was discovered in 1972 in dis-

ordered magnetic materials7. Since then, an impressive
sequence of noteworthy advances took place8, which
ultimately led to the introduction by Parisi of the seminal
concept of RSB9,10. To cut a long history short, Parisi’s
theory relies on the fact that the interplay between dis-
order and magnetic frustration below some critical
(freezing) temperature yields a free energy landscape with
a great number of local valleys and maxima that can trap
distinct replicas of the spin glass system for relatively long
times, leading to different measures of observables and
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controls both the phase and amplitude of light as shown in
Fig. 1, opening up new possibilities for metasurface-based
CNN processors18. Any imaging system can be described as a
convolution operation between the optical field of an object
and the point spread function (PSF) of the optical elements
that make up the optical system. Weiwei Fu et al introduced
a rigorous mathematical analysis to calculate the optical
pulse response of a modified imaging system by linking a
direct relation between complex-amplitude modulation of
meta-modulator and arbitrary convolution operation. Based
on the introduced analysis, Weiwei Fu et al proposed and
experimentally demonstrated a compact meta-imager struc-
ture for versatile convolution operations such as image

edge-detection, edge-enhancement, differentiation, and
denoising. In particular, compared to the existing image
processing that adjusts only the phase or amplitude of light,
optical image processing using the complex-amplitude meta-
imager that adjusts both the phase and amplitude enabled
denoising image processing that cannot be achieved with
existing methods. Additionally, it was experimentally con-
firmed that the detection accuracy was improved due to the
complex-amplitude modulation. Since the proposed meta-
imager consists of a metalens for image magnification and a
meta-modulator for complex-amplitude modulation, precise
alignment between two structures is required during the
fabrication. Nevertheless, because the meta-imager by Wei-
wei Fu et al enables all-optical convolution operation and
high integration, it is expected to be used as a device for the
CNN node, and this work will open a new path for the
emergence of metasurface-based CNN artificial intelligence
(AI) apparatus.
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Fig. 1 Schematics of optical image processing system.
a Schematic of a Fourier spatial filtering system. b Schematic of a
meta-imager, (i–iii) edge-detection, differentiation, and denoising with
a meta-imager, (From left to right) phase and amplitude contours of a
meta-modulator, SEM images of the fabricated meta-modulator, and
measured images (scalebar: 50 μm) reproduced from ref. 18
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