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Abstract: To overcome the limited computational accuracy and slow convergence of conventional intelli-
gent optimization algorithms in flatness error evaluation, a high-precision and high-efficiency evaluation
method is developed to satisfy the stringent algorithmic requirements of a self-developed 1 200 mm-aper-
ture non-contact flatness measurement instrument. A hybrid PSO-SQP algorithm is proposed, in which
Sequential Quadratic Programming (SQP) is employed as the primary framework and Particle Swarm Op-
timization (PSO) is incorporated as an auxiliary global search strategy. The global exploration capability

of PSO 1s leveraged to perform a coarse search and rapidly identify a near-global optimum, which is used
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as a high-quality initial point for SQP. An adaptive step-size strategy is introduced in the refinement stage
to replace the conventional fixed step size, enabling rapid and stable convergence during local optimiza-
tion. Experimental results indicate that the proposed PSO-SQP algorithm exhibits strong robustness to ini-
tial-point deviations, sampling scale variations, and measurement noise. Relative to a high-precision coor-
dinate measuring machine (CMM) , the deviation of the evaluation results is below 7 nm. Engineering ap-
plicability is further validated through the evaluation of a 280 mm-diameter flat mirror in a practical mea-
surement scenario, where the obtained flatness is consistent with the specified surface form accuracy.
Overall, the proposed algorithm provides high computational accuracy, fast convergence, and strong ro-
bustness, offering a reliable and efficient solution for flatness error evaluation in precision manufacturing.

Key words: precision measurement; flatness error; sequential quadratic programming; particle swarm op-

timization; non-contact flatness measuring instrument
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Fig.1 Principle for flatness error evaluation
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Fig. 2 A group of sampling points for flatness error
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Fig. 3 Algorithm flowchart of flatness error evaluation
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+0.010 4 0.045 798 3. 836
40.020 6 0.045 798 5.714
4-0.050 10 0.045 798 10. 267
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Tab.2 Algorithm performance at different sampling levels

Py %éﬁqzﬁfﬁ TR V\J‘ﬁ
B2/ mm /s fiJ/GB
256 0.040 283 0. 006 2.1
512 0.043 377 0.021 2.1
1024 0.043 925 0. 066 2.2
2048 0.045 675 0.221 2.4
4 096 0.045 742 0.955 3.8
8192 0.045 814 3.731 9.2
16 384 0. 045 949 23.989 23.3
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Fig.4 Relationship between flatness error, computation

time, and number of sampling points
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Tab.3 Noise level impact on evaluation results

WRFE KO P H T ER SR
Jum 2% mm FrifE 2% /mm /%
0 0.045 740 7.009x10°" 0
0.1 0.045 740 2.150x10°° 0
0.5 0.045 774 9.385X10°° 0
1.0 0.045 790 1.639x10°" 0
2.0 0.045 899 3.451x107* 0
5.0 0. 046 696 6.487x10" 0
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Tab.4 Flatness error measurement dataset B of sample 1
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Tab.5 Flatness error measurement dataset C of sample 2

75 X/mm Y/mm Z/mm
1 32.553 547 180.827 194  4.177 588
2 32.553 062 167.526 810  4.169 164
3 142.728 638 87.655151  4.142634
4 125. 549 988 84.672737 4.136 872
5 111.840 454 —58.471 733  4.026 722
6 100. 006 889 —45.585796  4.034 363
i —40.787 724 —101.376 396  3.952 220
8 —25.836 092 —86.443459  3.969 200
9 —121.412 163 5.335134  4.007 356
10 —139.708 221 0.491411  3.996 971
11 —104.017 159 138.852 112 4.107 136
12 —88.571 373 133. 807 846 4.109 851
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Tab.6 Comparison of calculations results of different

methods
. B 1T 1 B b 211 B
2% /mm %22/ mm
{ERTREIDE 3 0.039 989 0. 002 558
A% 0.039 982 0. 002 554
M2 0. 000 007 0. 000 004

75 X/mm Y/mm Z/mm
1 0.006 108 2.005 692 —0.000 139
2 —1.994 049 0.005 055 0. 000 246
3 0.006 343 —1.994 858 —0.000 162
4 2. 006 256 0.005 138 —0.000 974
5 0.006 015 30. 006 966 0.025 841
6 —29.993 469 0.007 010 0.028 201
i 0.006 070  —29.993 206 0.017 439
8 30.006 012 0.006 674 0.014 773
9 0.006 437 56. 007 507 0.046 834
10 —55.993 591 0.006 491 0.053 714
11 0.006 259  —55.993 244 0.032 335
12 56. 006 439 0.006 753 0.022 830
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