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Abstract: To address the challenge of achieving high-precision registration between visible light (RGB) and
photoluminescence (PL) images in Micro LED defect inspection, which arises from substantial modality dif-
ferences, this study introduces a robust multimodal image registration approach capable of attaining sub-pixel
accuracy, aiming to establish a direct mapping between the physical structure and electrical characteristics of

the chips. We propose a registration method that integrates structural feature constraints with bidirectional re-
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sidual optimization. First, leveraging the geometric regularity of Micro LED arrays, a tailored feature detec-
tion strategy is employed: electrode centers in RGB images are accurately extracted via ellipse fitting and
Density-Based Spatial Clustering of Applications with Noise (DBSCAN), while chip centers in PL images
are localized using an enhanced watershed algorithm with sub-pixel refinement. Second, during the
registration optimization stage, a bidirectional residual constraint framework is constructed, incorporating
a confidence weighting mechanism derived from residual distribution analysis. The optimal affine trans-
formation parameters are then estimated using an iterative reweighted least squares method. Experimental
results demonstrate that the proposed method achieves sub-pixel-level accuracy, with a mean absolute
error (MAE) of 0.823 pixels, representing a 94.2% reduction compared to baseline methods. The root mean
square error (RMSE) is 0.996 pixels, the maximum error remains below 2.839 pixels, and the inlier rate at-
tains 75.0%. Each registration process takes only 0.036 seconds on average, achieving an order-of-mag-
nitude improvement in computational efficiency over traditional mutual information (MI) methods. By effect-
ively mitigating feature mismatch and outlier interference in multimodal images, the proposed method out-
performs conventional approaches in terms of registration accuracy, robustness, and efficiency, thereby
providing a reliable technical foundation for precise defect detection and multimodal analysis of Micro LED

chips.
Key words: Micro LED multimodal image registration sub-pixel bidirectional residual constraint affine
optimization
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Tab. 2 Registration evaluation metrics for four Micro LED image sets
Group (RMSE) (MAE) (Max Error) (Inlier Rate) (SSIm) (MI) (Time)
1 0.832 0.742 1.907 86.8% 0.346 1.287 0.034
2 0.963 0.777 3.130 74.4% 0.348 1.286 0.035
3 1.071 0.884 3.684 57.6% 0.328 1.287 0.032
4 1.611 1.316 3.806 63.6% 0.362 1.343 0.043
ented FAST and Rotated BRIEF (o
WLD Weber Local
Micro LED Descriptor (2] Mu-
tual Information, M1 9
RGB PL Phase Correlation B
RGB-PL
3.3.2

ORB Ori-

RGB PL
Micro LED



X , > Micro LED 171

()

@)

©)

4)
(a) RGB (b) PL (c) Our method (d) ORB (e) WLD (f) MI (9) Phase correlat
4

Fig. 4 Experimental results of different registration methods

ORB "

Micro Iteratively Reweighted Least Squares, IRLS
LED WLD

Ml
RMSE 0.832/0.963/1.071/1.611
MAE 0.742/0.777/0.884/1.316
Phase Correla- 3.806
tion 57.6%—-86.8%
3) 4 ORB RMSE 1207-1384
1%
1.287/
1.286/1.287/1.343 MI
WLD SSIM
RGB PL
0.328-0.362
WLD
PL Ml 35-96 Phase Correla-
Mi- tion 3.8-3.9
cro LED



12 X
3
Tab. 3 Experimental results of different registration methods
Group (RMSE) (MAE) (Inlier Rate) (SSIM) (M1) (Time)
ORB 1384.348 1288.305 - 0.002 0.009 8.150
WLD NaN NaN NaN 0.426 1.274 57.661
1 MI NaN NaN NaN 0.426 1.305 55.491
Phase Correlation NaN NaN NaN 0.515 0.065 3.853
0.832 0.742 86.8% 0.346 1.287 0.034
ORB 2.040 1.344 0.9% 0.705 0.295 8.151
WLD NaN NaN NaN 0.431 0.668 95.604
2 MI NaN NaN NaN 0.418 1.192 36.039
Phase Correlation NaN NaN NaN 0.470 0.367 3.915
0.963 0.777 74.4% 0.348 1.286 0.035
ORB 2.240 1.381 0.8% 0.376 0.150 7.995
WLD NaN NaN NaN 0.417 1.145 35.734
3 MI NaN NaN NaN 0.436 1.226 39.203
Phase Correlation NaN NaN NaN 0.511 0.040 3.844
1.071 0.884 57.6% 0.328 1.287 0.032
ORB 1207.783 1098.011 - 0.002 0.015 8.257
WLD NaN NaN NaN 0.440 1.107 96.789
4 MI NaN NaN NaN 0.464 1.239 45.807
Phase Correlation NaN NaN NaN 0.535 0.006 3.932
1.611 1.316 63.6% 0.362 1.343 0.043
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