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Abstract There exist various kinds of spatial frequency errors on the ultra-precision machined surfaces, which
seriously influence their performances. According to different performances of workpieces, it is necessary to use an
effective decomposition method to extract the topography containing the spatial frequency errors at specific frequency
bands. The traditional spatial frequency error decomposition method has the serious problem of modal aliasing. In
order to solve this problem, an adaptive bidimensional variational mode decomposition (BVMD) algorithm is
proposed to decompose a three-dimensional surface topography. First, image continuation and self-convolution
Hanning window are introduced to preprocess the truncation errors when collecting 3D topographic data. Then, the
particle swarm annealing optimization algorithm is used to optimize the penalty coefficient and the number of
decomposition layers in the BVMD algorithm. Among them, the fitness function of the optimization algorithm is
constructed by taking KL divergence among modal components as aliasing indicators, introducing the minimum risk
Bayesian decision theory, and combining KL divergence with reconstruction errors. Finally, the measured
topography of the ultra-precision machined surface is analyzed and compared with those by the discrete wavelet
decomposition method and the bidimensional empirical mode decomposition methods. The results show that the KL
divergence by the proposed method is several hundred, much higher than those by the other two methods. The
proposed method has a good inhibition ability for frequency error modal aliasing, and can effectively decompose the
spatial frequency errors of an ultra-precision machined surface.
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Fig. 9 Optimization results of particle swarm annealing parameters. (a) Fitness; (b) decomposition level K ;

(c¢) penalty parameter a
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Table 1 Main spatial frequency errors of data 1 and its decomposition mm

—1

Frequency 4 Frequency 5 Frequency 6

Data Frequency 1 Frequency 2 Frequency 3
Data 1 0.1631 1.9580 4.4040 6.3620 8.8090 11.7500
Layer 1 0.1631
Layer 2 1.9580
Layer 3 4.4040
Layer 4 6.3620 8.8090 11.7500

%2 AFWAM TR FFT f1 IFFT i%2% % BVMD T #4152 2%

Table 2 Reconstruction errors of BVMD and FFT &. IFFT errors for different pretreatments

Error Initial data Continuation data Window function data
Error of FFT and IFFT /10°° 0.4176333 0.4035720 0.3387472
Reconstruction error of BVMD /10~* 2.6163200 2.6707310 0.3554301
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Fig. 11 Measured data 2 and 3D and PSD figures of its decomposition. (a) Shape of data 2; (b) PSD of data 2; (c¢) IMF 1;
(d) IMF 2; (e) IMF 3; (f) IMF 4; (g) IMF 5; (h) PSD of IMF 1; (i) PSD of IMF 2; (j) PSD of IMF 3; (k) PSD
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3 MR 2 B i BN Y 2 T S A AR i 22

Table 3 Main spatial frequency errors of data 2 and its decomposition

Data Frequency 1 Frequency 2 Frequency 3 Frequency 4 Frequency 5 Frequency 6
Data 2 0.02885 0.11540 0.51930 0.77890 1.06700 1.55800
Layer 1 0.02885
Layer 2 0.11540
Layer 3 0.51930
Layer 4 0.77890
Layer 5 1.06700 1.55800

4 BUE 3 KH i R 0 T A AR AR R 22
Table 4 Main spatial frequency errors of data 3 and its decomposition mm

Data Frequency 1 Frequency 2 Frequency 3 Frequency 4 Frequency 5 Frequency 6
Data 3 0.08156 0.40780 0.73410 1.46800 2.36500 3.01800
Layer 1 0.08156
Layer 2 0.40780
Layer 3 0.73410
Layer 4 0.73410
Layer 5 1.46800 2.36500 3.01800
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Table 5 KL divergence contrast 107°
Data No. BDWT BEMD Proposed algorithm
Data 1 35.97541 8.670966 318.6478
Data 2 42.56554 52.69506 284.9310
Data 3 18.71866 5.978433 208.7450
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