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Fig. 2 Calibration plate patterns. (a) Circular calibration plate; (b) calibration plate with stripe pattern; (c) selection of feature points on

image plane of calibration plate

@

calibration
board

camera

()

¢ -150
&3 e M A s =
Fig. 3 Schematic diagram of position of calibration plate
S R BE 25 AU B ALY i A T 4 s
RIG FIAZ R GEHEAT YR = 4R
AR SO AR 1 5 i 78 B B A 5 B R v Bl s 2R AT
=4eE o, IV SGRK Sk 1Y i By 22 00 0B R A =

100’50X RS

K5 briEYIAR . () bR iE S B s (b) B 8 bn HEBR
Fig. 5 Standard objects. (a) Standard steps; (b) ceramic

standard ball
e A RS . B HA SR B NIk RS RE L 1S
FHTF DAl v B 2o 20 SRR (%) E S B . Ao 5 B T A
4B & By 2z 18] B9 15 B 43 51 4 20.001 mm A1 20.003 mm,
FrRifEBR 9 B4 R 25.0001 mm
R B R A SC 7 R B AL B, 430 >R ) LSM FlLAS 3¢

™ 5 100 o i 07 W bR A 4 B 2 R R R H R A R 5 A o
Iterations ﬁﬁﬁﬂ‘]zéﬁE*@c yffﬁ@%f?%ﬁ/ftpﬁllzjl\*ﬁﬂ%ﬁ

B4 2 b2 e A MO A 1 h 2 NI SR N S R N TR VR U e s A i
Fig. 4 Error varying with number of iterations BRI 22 Tt SR AR v (8 0 A I, 9 A R e i

1004002-4



£52% 5§ 10 H9/2025 £ 5 B/ EH¢

R v Z20 W, T OO SR AT R AR . B 4 O 9k T
Ak BRSO v RS R AR L SR LU R AR E R A A
AR T R B 2o i SR Y Y A (R R I AR T A
i .

@ (b)

‘..I...' “.I...'
A A

K 6(a)~(d) 7R T 2R AR J5 3 I BT 2 15
B B =4 SET, D AT DL WS F R H
SGRK H LA 19 4 B 22 53U BY Pl YK 52 14 &5 By = 4k
TSR ROCR etk
© @

Comy oy
AIII...'. ".II...'

K6 ar=4E5E . (a) LSMIKE MG B =485 (b)) LSM () IKE 1 & B =455 (o) SGRKK B 1Y & Br = 4B 51 ;
(d)SGRK(fij fb) KA 1) & Br =45l
Fig. 6 Step 3D topographies. (a) Step 3D topography recovered by LSM; (b) step 3D topography recovered by LSM (simplified);

(c) step 3D topography recovered by SGRK; (d) step 3D topography recovered by SGRK (simplified)
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Table 1 Comparison of geometric deviations of step measurements

Method LSM LSM (simplified) SGRK SGRK (simplified )

True value /mm 20.003 20.001 20.003 20.001 20.003 20.001 20.003 20.001

Measured value 1 /mm 20.011 20.027 20.002 19.972 20.015 19.991 20.007 20.012

Measured value 2 /mm 20.001 19.982 20.029 20.027 20.007 20.016 19.988 19.995

Measured value 3 /mm 20.025 20.012 19.937 19.974 19.999 19.988 19.999 20.008

Average error /mm 0.009 0.006 —0.014 —0.010 0.004 —0.003 —0.005 0.004
Time /s 4.32 3.05 1.78 1.52
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Table 2 Comparison of geometric deviations of standard ceramic balls

Method LSM LSM (simplified) SGRK SGRK (simplified)
True value /mm 25.0001 25.0001 25.0001 25.0001
Fitted diameter /mm 25.0728 24.9069 25.0233 24.9552
Diameter deviation /mm 0.0727 0.0932 0.0232 0.0449
Time /s 3.96 3.17 1.63 1.17
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Fig. 7 Fitted spherical color error plots. (a) Spherical color error plot fitted by 1.SM; (b) spherical color error plot fitted by 1.SM
(simplified); (¢) spherical color error plot fitted by SGRK; (d) spherical color error plot fitted by SGRK (simplified)
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Fig. 8 Fitted spherical color error plots. (a) Spherical color error plot fitted by LSM (3rd order); (b) spherical color error plot fitted by
LSM (5th order); (c) spherical color error plot fitted by SGRK (3rd order); (d) spherical color error plot fitted by SGRK (5th

order)
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Method POM LSV SORIS - SORK - Enhanced £ % 4% 75 ) = 24t $m o 24, 4B T

(3-step) (5-step) (3-step) (5-step)
True value /mm 25.0001 25.0001 25.0001 25.0001 LSM HIAR SO 48 J5 i 1 49 05 iR % 22 (RMSE) |, 51 5

Fitted diameter /mm  25.1471 24.9601 25.0550 24.9824 J30.9250 mm 5 0.0729 mm. 5 2528 R WY, A STy
Diameter deviation /mm  0.1470  0.0400 0.0549 0.0177 2 A O 2 AT PRI B 8 R4S TERIORS 11 — 4
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Fig. 9 Ceramic doll reconstruction images. (a) Ceramic doll; (b) doll reconstructed by 1.SM; (¢) doll reconstructed by SGRK
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Abstract

Objective Because of its advantages of non-contact, flexibility, and high measurement accuracy, phase-shift profilometry is widely
used to obtain three-dimensional shape information, which is particularly valuable in the fields of industrial inspection, precision
manufacturing, and medical imaging. However, traditional phase-shift fringe calibration methods involve cumbersome steps, high
error sensitivity, and high time consumption. To solve these problems, a polynomial calibration model is introduced to improve
calibration accuracy. Theoretically, the higher the order of the calibration model, the higher the 3D reconstruction accuracy.
However, as the order of the calibration model increases, the number of parameters grows rapidly. For example, the third-order
polynomial calibration model needs to fit 60 parameters, which not only increases the computational complexity but also leads to
computational instability, which in turn affects the calibration accuracy and computational efficiency. Therefore, there is an urgent
need for an algorithm that can quickly solve the high-order polynomial calibration model to improve the accuracy and efficiency of 3D
reconstruction methods based on polynomial calibration models. In this paper, we propose a fast calibration method for fringe
projection based on high-order polynomial models, which has both the efficient iterative property of the stochastic sparse Kaczmarz
algorithm and the selective strategy of the greedy algorithm, realizing fast fitting of high-order polynomial calibration models and thus

improving the computational efficiency and accuracy of 3D reconstruction.

Methods In this paper, a fast calibration method for high-order polynomial calibration models is proposed with the aim of
addressing the cumbersome steps, time-consuming computation, and low accuracy in the calibration of traditional phase-shift
profilometry (PSP) systems. First, based on the construction of a high-order polynomial calibration model, the sparse greedy random
Kaczmarz algorithm (SGRK) is used to fit the model parameters and obtain the coefficient matrix of the calibration model. This
algorithm combines the efficient iterative properties of the stochastic sparse Kaczmarz algorithm with the selective strategy of the
greedy algorithm, which significantly improves the speed of model fitting while ensuring computational accuracy and stability.
Specifically, the method establishes the relationship among object 3D coordinates, pixel coordinates, and their phases through
polynomial fitting, thus realizing fast optimization of high-order polynomial models. The application of the algorithm not only
accelerates the calibration process but also effectively reduces the computational complexity and avoids the computational instability
and efficiency bottlenecks that may occur in traditional methods. Ultimately, by substituting the pixel coordinates of the object fringe
image with the corresponding absolute phase into the polynomial model, a high-precision 3D reconstruction of the object is
accomplished. The proposed method provides a more efficient and accurate calibration solution for PSP systems, which has important
theoretical significance and a wide range of practical applications, particularly in the fields of industrial inspection and precision

manufacturing.

Results and Discussions Traditional polynomial-fitting methods often face problems such as computational speed degradation
and unstable computational results, which limit their wide application in complex applications. Therefore, this paper proposes a high-
order polynomial calibration method that incorporates the SGRK algorithm. Compared with the traditional least squares fitting method
(LSM), the SGRK algorithm significantly improves the computational efficiency and stability through its efficient iterative property
and greedy strategy and successfully overcomes the problems of slow computation speed and poor instability that exist in the
traditional method. With this method, the fitting of high-order polynomial models can be completed in a shorter time, which
significantly improves the speed (Tables 1 and 2) and accuracy (Figs. 6 and 7) of 3D reconstruction. The experimental results verify
that the proposed method can effectively reduce the calibration time and significantly improve the reconstruction accuracy while
ensuring the calibration accuracy (Table 3). In different scenarios, the proposed method shows obvious advantages compared with the

traditional calibration method (Table 3 and Fig. 8), particularly when dealing with complex geometries, and the calibration error and
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reconstruction accuracy are significantly improved (Fig. 9). By optimizing the iterative process of the algorithm, the proposed method
not only improves the overall computational efficiency but also effectively copes with the demand for high-precision and high-efficiency
3D reconstruction.

Conclusions In conclusion, this paper proposes a fast calibration method based on the SGRK algorithm, which effectively solves a
series of problems in traditional phase-shift profilometry calibration. By introducing the SGRK algorithm, the fitting efficiency and
accuracy of the high-order polynomial calibration model are significantly improved, providing new ideas and methods for the
development of 3D reconstruction technology. The experimental results verify the advantages of the proposed method in terms of
calibration speed and 3D reconstruction accuracy, indicating that the method has important application value, especially in fields

requiring efficient and accurate 3D reconstruction, such as cultural relic protection and biomedicine.

Key words phase shift profilometry; higher order polynomials; sparse greedy randomized Kaczmarz algorithm; three-dimensional
reconstruction; three-frequency four-step phase shift method
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