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Abstract

Aiming at the problems faced by industrial vision inspection system in complex manufacturing en-
vironment, such as long on-site debugging period, difficult physical reproduction of extreme work-
ing conditions, lack of rare defect samples and lack of objective quantitative evaluation methods of
inspection performance, this paper proposes a simulation verification method combining digital
twin and Monte Carlo simulation, and constructs the corresponding verification platform. Firstly,
the high-fidelity digital twin model of typical industrial production line is established based on
Blender and Unity engine by adopting the three-level mapping strategy of “geometry-physics-be-
havior”, and the image degradation simulation is realized through Brown-Conrady distortion model,
motion blur convolution and Gaussian-Poisson mixed noise. Secondly, kernel density estimation is
used to model the disturbance factors such as illumination and vibration in the production site, and
Latin hypercube sampling is combined to improve the filling efficiency of parameter space, and t-
Copula function is introduced to describe the joint distribution of multiple types of defects, which
drives intelligent defect injection based on fractal geometry and Perlin noise. Thirdly, aiming at the
small probability compound defects, an efficient sampling strategy of “Gaussian process proxy
model locating failure boundary + mixed Gaussian importance sampling” is proposed, which signif-
icantly reduces the simulation cost of rare working conditions. Finally, a multi-dimensional evalu-
ation index system covering detection accuracy, robustness threshold and extreme missed detec-
tion risk value is constructed, and the explanatory presentation of verification results is realized by
combining Sobol global sensitivity analysis and SHAP attribution. Taking the visual inspection sta-
tion of an automobile assembly workshop as an example, the experiment shows that the platform
can shorten the debugging period of visual system by about 67% and reduce the false detection rate
by more than 21%, which verifies the effectiveness and practical value of the method.
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