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Fig.1 Overview of the research roadmap of photometric stereo
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Fig.2 Principle of photometric stereo
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Fig.3 Schematic of the cast pipe surface defect detection system based on

symmetric dual-light photometric stereo
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Fig.5 Multi-view multi-spectral photometric stereo detection system
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Research Progress on Surface 3D Perception and Industrial Inspection
Technology Based on Photometric Stereo

LI Junheng, XU Ke, ZHOU Dongdong
(Collaborative Innovation Center of Steel Technology, University of Science and Technology Beijing,
Beijing 100083, China)

[ABSTRACT]

manufacturing are critical for ensuring equipment reliability. To address the bottlenecks of grayscale aliasing in 2D imaging

Defect detection and micro-metrology of complex non-Lambertian metal surfaces in precision

and the loss of high-frequency details in traditional 3D measurement, Photometric stereo (PS) has emerged as a core
approach for high-precision perception leveraging its physical decoupling advantages. This paper systematically reviews
the theoretical evolution and application paradigms of PS in industrial surface quality control. Starting from physical
foundations, we summarize the evolutionary trajectory from the ideal Lambertian assumption to complex non-Lambertian
bidirectional reflectance distribution function (BRDF) modeling, and review the current state of standardized evaluation
benchmarks. Following the algorithmic pipeline, we deeply analyze the paradigm shift in surface normal estimation from
explicit physical optimization to deep implicit fitting, alongside normal integration strategies for dense depth reconstruction.
Subsequently, targeting highly specular metals and periodic texture backgrounds, we elucidate the defect perception
mechanism that synergizes albedo-normal decoupling with joint frequency-domain filtering, and discuss its applications in
micro-roughness quantification and macro-micro topographical reconstruction. Finally, we summarize near-field calibration
and multi-modal fusion strategies designed to overcome the dynamic constraints of production lines, and outline future
trends from the perspectives of large vision models (LVMs) and novel sensing modalities.

Keywords: Photometric stereo; Surface inspection; 3D Reconstruction; Surface roughness; Multi-sensor fusion
(D hE)
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