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This article reviews the mutual
empowerment between artificial
intelligence and metasurfaces,
characterizing that artificial intelligence
enables intelligent nanophotonics,

while metasurfaces facilitate optical Parallel evolution and synergetic convergence of

intelligence. Key advances, practical artificial intelligence and metasurfaces
applications, and future directions

along these two bidirectionally evolving

pathways are systematically surveyed, covering physical modeling and structural optimization, as
well as optical mathematical computing and optical neural networks, providing significant
insights toward chip-scale, self-adaptive, and highly intelligent photonic systems.

Artificial intelligence has transformed how information is acquired, processed and utilized, with
visual information playing a vital role in perception and decision-making. The explosive growth in
the volume and complexity of visual data imposes stringent requirements on optical systems
with higher density, greater precision, and lower consumption. Conventional optical
components, typically bulky and functionally fixed, are inadequate for dynamic environments.
Meanwhile, the continuous scaling of intelligent algorithms poses challenges in computational
efficiency, hardware portability and real-time response. These challenges call for a new
generation of optical hardware featuring ultracompact footprints, ultrafast operation,
multifunctionality and high tunability.

Metasurfaces, planar arrays of subwavelength artificial nanostructures capable of precisely
tailoring the amplitude, phase, and polarization of light, have emerged as promising platforms
for optical information processing, offering significant advantages in multifunctionality,
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parallelism, and integration density. Meanwhile,
advances in artificial intelligence algorithms, such as
Transformer architectures, diffusion models, and
generative frameworks, have provided powerful
tools for reshaping the simulations and
optimizations of optical elements. Thus,
metasurfaces and artificial intelligence have evolved
along largely independent yet highly
complementary trajectories, creating a foundation
for their eventual bidirectional convergence and
establishing a new interdisciplinary frontier.

This emerging relationship is fundamentally
bidirectional. Leveraging its powerful computational
capabilities and extensive generalization ability,
artificial intelligence serves as an electromagnetic
modeling engine for metasurface design,
accelerating the evolving from conventional
parameter-sweeping strategies to multidimensional
global deep-learning paradigms. Conversely,
metasurfaces have emerged as versatile platforms
for electromagnetic-wave manipulation and diverse
computational tasks, offering ultrafast operation,
massive parallelism and ultracompact integration,
thereby driving intelligent computing from electronic to photonic domains. Together, these
complementary advances constitute the central theme of this review, encompassing intelligent
nanophotonics and optical intelligence, and paving the way toward deeply integrated intelligent
photonic information systems.

Mutual empowerment of artificial
intelligence and metasurfaces to
intelligent nanophotonics and optical
Intelligence.

The authors review recent advances in the mutual empowerment of artificial intelligence and
metasurfaces from two reinforcing perspectives, intelligent nanophotonics and optical
intelligence. Intelligent nanophotonics, referring to intelligent design methodologies for
nanophotonic meta-elements, encompasses physical modeling of optical responses and
structural optimization for desired functionalities. In contrast, optical intelligence, as
computational paradigms that exploit light-matter interactions within metasurfaces to perform
information processing tasks, comprises optical mathematical computing and optical neural
networks enabled by physics-based architectures.

The development of artificial intelligence-driven physical modeling has progressed from data-
driven methods toward physics-embedded and physics-informed approaches. Data-driven
techniques enable the exploration of increasingly complex design spaces but remain constrained
by their black-box nature, limiting physical interpretability. Physics-embedded learning
frameworks reduce data counts while maintaining prediction accuracy, yet still rely on large



precomputed datasets. Physics-informed active learning mechanisms incorporate physical
consistency as an intrinsic constraint and operate with substantially reduced initial datasets,
ensuring solution diversity and reliability. Collectively, these approaches accelerate meta-device
modeling while reducing the computational burden of conventional iterative electromagnetic
simulations, increasingly integrating physical constraints into learning algorithms to improve
accuracy, convergence, and robustness.

Advances in artificial intelligence-enabled structural optimization are organized across three
progressive levels, from meta-atoms to meta-arrays and systems. At the atom level, mappings
between geometric parameters and optical responses are established to enable prediction and
retrieval of diverse optical properties. At the array level, design frameworks incorporate spatial
profile reconstruction and geometric parameter selection to assemble nonperiodic
metastructures. At the system level, end-to-end optimization directly connects geometric
parameters with application-specific objectives, integrating device configuration, optical
propagation and task-level performance into a unified process. This progression marks a shift
from isolated component design toward global photonic system optimization.

Optical mathematical computing exploits engineered optical responses to perform predefined
mathematical operations, including equation solving, logic operations and image processing.
Metasurfaces and photonic architectures enable the solution of integral and differential
equations with massive parallelism and high computational speed. Optical logic operations rely
on the coherent superposition of optical fields, with binary information encoded in optical
properties and extended to multidimensional schemes for arbitrary combinational operations.
Optical image processing implements convolution and differentiation to facilitate object
detection and feature extraction, making it particularly attractive for real-time and high-
throughput applications. Compared with electronic processors, optical platforms offer high
capacity, broad bandwidth, low latency, and reduced energy consumption.

Optical neural networks utilize to light-matter interactions to construct neural network
architectures, realizing successes in various aspects including object classification, privacy
encryption, image reconstruction, and further multifunctional integration. Single-target
recognition to complex multi-target classification tasks can be realized and incorporations of
reconfigurable and pluggable photonic components facilitates a critical transition from static
conditions to dynamic environments. High-dimensional visual information can be processed into
multiple degrees of freedom of light, enabling privacy-preserving encryption and decryption for
information security. The reconstruction frameworks externally measure optical signals to
recover the structural information of three-dimensional objects, with particular advantages in
holographic imaging and quantitative phase imaging. The integration of multiple functionalities
within a single optical neural network architecture facilities compact, efficient, adaptive, scalable
and application-oriented optical systems.

Finally, future perspectives and current challenges in this interdisciplinary field are outlined from
five aspects, including physical limitations, reconfigurable materials, on-chip integration, versatile



algorithms, and applicability constraints. The available optical degrees of freedom are
fundamentally constrained by electromagnetic physics, while reconfigurable materials offer new
opportunities for programmable and scalable metasurfaces. Meanwhile, on-chip integration is
essential for reducing system footprint and enabling compatible deployment, while versatile
algorithms with greater generality and flexibility can provide switchable functionalities and
enhanced capabilities. For practical applicability, deploying fully intelligent metasystems in real-
world scenarios requires a holistic approach that considers data accessibility, manufacturability,
experimental tolerances, reconfigurability, and environmental adaptability.

The authors reviewed the mutual empowerment between artificial intelligence and
metasurfaces, characterized by intelligent nanophotonics and optical intelligence. Key advances,
practical applications, and future directions along these two pathways are systematically
surveyed, providing significant insights into this interdisciplinary field. Looking forward, the
integration of algorithmic intelligence with physical wavefront engineering is expected to drive
the evolution toward highly-integrated, self-adaptive, and massively-scalable photonic systems.
Such advances will facilitate chip-scale automated optoelectronic architectures capable of
performing detecting, sensing and computing tasks within reconfigurable devices in reproducible
manners, thereby reshaping intelligent information processing through the convergence of
optics and electronics.
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