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Point cloud color texture mapping method via
camera-laser line joint calibration

Pu Huaian"?,Ji Yanjun'?,Tang Jinyuan'*,Chen Longting'?, Song Biyun'?
(1. College of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China;
2. Key State Lab of High Performance Complex Manufacturing, Central South University, Changsha 410083, China)

Abstract: To address the reliance of high-precision camera-line-laser joint calibration on complex high-accuracy targets in industrial 3D
color reconstruction, this paper proposes a high-precision calibration scheme based on a multi-feature, weakly constrained calibration
block. The overall method comprises a multimodal feature extraction and registration framework, together with a two-stage optimization-
based solver for the calibration model. Circular-hole centers are introduced on the calibration block and jointly detected with corner
points. Corners are localized with sub-pixel accuracy using geometric constraints, while circular-hole centers are precisely estimated via
a two-stage ellipse fitting strategy. Subsequently, a pose-adaptive projection-based method for 3D feature reconstruction is presented
Following a dimensionality-reduction-detection-lifting pipeline, the 3D localization problem is transformed into 2D feature detection and
then back-projected to reconstruct the 3D point cloud, thereby improving robustness to noise and pose variations. Finally, unambiguous
2D-3D feature point registration is achieved by incorporating geometric priors. For parameter estimation, a linear decomposition-
nonlinear reconstruction two-stage optimization is adopted. The initial mapping matrix is linearly estimated from single-frame feature
correspondences; after separating intrinsic and extrinsic parameters via RQ decomposition, lens distortion is incorporated for global
nonlinear refinement to enhance global optimality and generalization. Experimental results indicates that, the proposed method achieves a
normalized mean reprojection error of 0. 84 pixels, corresponding to a physical distance error of 0. 019 4 mm. Compared with the baseline
method, those two error metrics are reduced by approximately 65% and 61% , respectively. The proposed method also yields consistent

calibration results with small error fluctuations under three illumination conditions, indicating strong robustness. Ablation results further
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confirm that center features are significantly more stable than corner features under perspective transformation. In the gear tooth-surface

color reconstruction task, point-cloud color texture mapping based on the obtained mapping matrix faithfully reproduces microscopic

impressions and scratches on the tooth surface, thereby validating its engineering applicability.

Keywords : camera-laser line; joint calibration; weakly constrained calibration block; pose-adaptive projection; two-stage optimization;

color texture mapping
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Fig. 1 The schematic of the joint calibration model for

the camera-laser line system
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Fig.2 Schematic diagram of calibration block model
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Fig. 16 The experimental setup for the joint calibration
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Table 1 The specifications of the line laser sensor

T H 24
FEAERE RS 73 mm
RS 1 kHz
Z G H +20.5 mm
X i 30~39 mm

X o e 12.5 um
Z Hlioy P 1.6 pm

R2 BOBERENEERARER

Table 2 The specifications of the high-resolution camera

= il
ARG FE 2 448%2 048
BIERF 3.45 pmx3.45 um

[ES 36 500 J7

x3 BITFEEEERIER

Table 3 The specifications of the precision motion stage

i H E 24
e/ )R 8 um
o 6 mm/s . 1] 4
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(a) Examples of the captured image data at different poses

&
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(b) Examples of the captured point cloud data at different poses
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Fig. 17 Examples of the captured multi-modal data

at different poses
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Table 4 Comparison of reprojection errors among

different calibration methods

- P EREIRE/ BRERZIRE/
pixels pixels
SCHR[17] 3~6 216
SCHk[25] 1.80 75
SCHK[26] 1.92 4.92
ES'@R7S 1.16 1.63
290 e (R BR 2

HHHY IR E pixels

1 2 3 4 5 6 7 8 9 10
B/ B
(a) SRk X L B T 4B AR 2 A A
(a) Distribution of reprojection errors corresponding to
the initial linear solution
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(b) Distribution of final reprojection errors
after global non-linear optimization
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Fig. 18 The improvement of reprojection errors before and

after the global non-linear optimization
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Fig. 19  The analysis of the physical distance errors of the

final calibration result

T A LT 51207 1 HOR B R 1 A ) BT Uk
Zhou % HEAT T ARSI RS LL, LUH— AR5 19 85 1R

2B S FREE B D 22 PPN R bR . ANk 5 s, e
FERPEEREZ RN 0. 83 pixels, FHE T k[ 17]
TR EAEE 2. 4 pixels, TERG B LT T 24 65. 4% , 1E
ELS BRI R 0 22 5 T, T AR U7 B O R 223K 8 T
0.019 5 mm, L T 3CHR[ 17 ] Jr i e/ MR 2224 0. 05 mm,
FEEE LT T 29 61% o JTH 5 RAE PR AR A% LE iR
2EVREARMLT 609 , BT 4 H 75 2k BoRG BE Ffe e M B A B
BALHE

x5 EEEAENSHERBENL
Table 5 Multi-dimensional accuracy comparison
with the baseline method
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Fig. 20  Reprojection error distribution under varying

illumination levels
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Fig. 21
extraction algorithms under varying lighting conditions
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Fig.22  Ablation study: Comparison of reprojection
errors using different feature constraints
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Table 6 Helical bevel gear parameters

Wik FEEL/ mm W BEHES /()
ZEH 5 30 5
HE 4 25 30

S

(a) Tk EARENR: iR ARG

(a) Industrial gear contact pattern: Original color image

N

(b) TR ENR: BBRAZMEE=JEERLR
(b) Industrial gear contact pattern: Color 3D reconstruction result
of mirror point cloud
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Fig. 23 Application example in industrial inspection; Color 3D

reconstruction of the contact pattern on a gear surface
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