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Abstract

The freeform reflector in head-up displays (HUD) has become a core optical component in intelli-
gent vehicles and aviation cockpits due to its wide field of view, high imaging quality, and compact
optical path layout. Current industrial quality control methods predominantly rely on height-do-
main error metrics (e.g., PV [Peak-to-Valley] values and slope errors), which only reflect static sta-
tistical characteristics of geometric errors. However, these methods fail to evaluate the cumulative
impact of error distribution trends (e.g., gradient discontinuity or spatial correlations) on dynamic
light propagation, leading to significant imaging discrepancies between mirrors with similar PV val-
ues after installation. Meanwhile, optical design software-based simulations (e.g., Zemax, Code V)
can correlate manufacturing errors with imaging performance but depend on original optical de-
sign files (containing sensitive parameters like mirror coefficients and light source coordinates).
Restricted by intellectual property protection, such files are rarely accessible, severely limiting the
engineering applicability of these methods. To address these challenges, this paper proposes a ray
tracing simulation-based quality control method for HUD freeform reflectors. By embedding meas-
ured mirror point clouds into a parameterized virtual optical path model, our method eliminates
dependency on proprietary design files. Additionally, it replaces traditional height-domain metrics
with screen-projected grid distortion quantification to directly evaluate the imaging offset caused
by manufacturing errors. Experimental results demonstrate that this method effectively distin-
guishes performance differences imperceptible to conventional approaches (e.g., a 7 mm distortion
gap between two mirrors with only 2 um PV difference) while requiring no confidential design files.
The proposed solution offers high-precision and generalizable quality control for HUD freeform re-
flectors.
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Figure 1. Optical system model schematic
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Figure 2. Neighborhood point cloud diagram
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Figure 3. Residuals from 5th-order polynomial fit
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Figure 4. Simulation process flowchart
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Figure 5. Freeform 3D profiler
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Figure 7. Reflected ray-screen intersection points
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