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X AR = AR A 3 S A5 S 7 e A ] 0 AR A DM AR 4, A% B0 2300 O 34 pixel Hl 36 pixel , 2R AT P AE A A%
RO A 22 fige AR 1245 BN R BRI A5 B o LIRS B i), 76 TH 5 H Y 6 AN TR B OGS R SR 4R 6 2 2341 S IR
49 G M 2% B UG A — 250 16 0 6 K KU, 1519 Sy 6 AR [l B Sl I R SR B2 19 2 039 BE Oy 34 pixel (195 —

(a) Exposure time 7=749.1 ms (b) Exposure time 7=315.96 ms (¢) Exposure time 7=133.27 ms

(d) Exposure time 7=56.21 ms (e) Exposure time 7=23.71 ms (f) Exposure time 7=10 ms

B9 Apof B A A R R OL R KT oy A AU R
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Fig. 15 Point cloud images of return disk measured by different methods
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Table 2 Number of point clouds and reconstruction rates measured by different 3D measurement methods

Water pump pressure

Standard block ) Return disk
) plate jacket
Measured object
Number of . Number of ) Number of )
) Rebuild rate ) Rebuild rate ) Rebuild rate
point clouds point clouds point clouds
Projection phase method 27 081 81.11% 16 791 82.82% 94 530 84.38%
Method of Ref. [ 8] 29 193 87.44% 17 961 88.60% 102 281 91.30%
Method of Ref. [9] 31010 92.88% 18 392 90.72% 108 551 96.90%
Method in this paper 33318 99.80% 20 110 99.20% 111 355 99.40%
Reference value 33386 100% 20 273 100% 112 027 100%
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(a) Step block grating fringe pattern (b) Step block height difference
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Fig. 16  Three step block height difference measurement
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Table 3 Measurement results of height difference between standard step blocks using different methods

Measurement method Height difference /mm Height error /mm Relative error
Method of Ref. [ 11] 9.116 7 +0.116 7 +1.297%
Method in this paper 9.099 7 +0.099 7 +1.108%
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3 #ig
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JEE L I 1 O N A 722 A T SRR AL o 7 R K, R I )P AR ATL ) 107 o 5045 45 100 8 2 AL 9 R o R S TR R A
0 L, AT 5 B2 ' Iof R RNV, 05 i o A [ B 1 I T SR 4R 1) Gl 141 5 7 47 3 A7 4 1 7 4 A o 508 Ak
Jei B BUHT I 25 BSOS T B o ) T Bk 1) 0 9% 43 SR s o B K B TR Al 4P 28 R e R A E AT R S L OF S
PR AR AL 12 SCHR L8 15k A SR L9 15 w330 10 ) s 5 MR R AT X Fe 20 i, SEER S5 SRR A SOk i s
HAAGR RN 99.200 K VL b, 5 H A = B VA A L, I 25 SR S L HLBE Bk O O I, D A
B A Tk b AT —E S H N H .
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Topography Measurement of Strongly Reflective Surfaces Based on
Improved Automatic Multi-exposure and Digital Raster
Projection Technology

LEI Jingfa'?, SUN Yin"*, ZHANG Miao"*, LI Yongling"’, ZHAO Ruhai'"*, SUN Hong"’
(1 School of Mechanical and Electrical Engineering , Anhui Jianzhu University, Hefei 230601, China)
(2 Key Laboratory of Intelligent Manufacturing of Construction Machinery , Anhui Education Department,
Hefei 230601, China)
(3 Sichuan Provincial Key Laboratory of Process Equipment and Control Engineering , Zigong 643000, China)

Abstract: During the measurement of surface topography on objects with high-reflective surface by
numerical grating projection three—dimensional measurement technology, the acquired images may exhibit
local overexposure or underexposure, which consequently disrupts the projected grating pattern and
ultimately leads to a decline in measurement accuracy.

In order to accurately measure the three—dimensional shape of objects with high—reflective surface, an
improved automatic multiple exposure image fusion technique was proposed. Firstly, the appropriate
measurement grayscale range was determined by fitting the grayscale response curve of the system, which
further led to the determination of the exposure time range. Within the exposure time range, the exposure
time was gradually increased with certain step size, and the camera synchronously captured and saved
images at each exposure time. The number of points within the determined grayscale value range was
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statistically calculated by traversing the images. The image with the highest number of points within this
range was selected as the datum exposure image, and its corresponding exposure time was considered the
datum exposure time, while the point in the image with the smallest pixel grayscale value within this range
was identified as the datum point. Secondly, the camera response function was fitted based on the
transformation of the pixel grayscale value of the datum point with exposure time. According to the camera
response function, the surface illumination value range of the measured object can be calculated, and the
required exposure time and frequency for the current object can be determined based on the idea that
different exposure times correspond to different illumination value ranges. Subsequently, a CCD camera
was utilized to capture pure white images and grating pattern images projected onto the target object under
various exposure durations. The images obtained from the pure white projection were utilized to generate
masks, which were sequentially multiplied with their corresponding grating pattern images. The obtained
images were superimposed after linear transformation to ensure that no additional highlights are generated
near the original highlight area. Following this, a logarithmic transformation was applied to adjust the
contrast of the images, resulting in an elevation of grayscale values in previously dim areas, thereby
yielding a set of High Dynamic Range (HDR) grating pattern images. Finally, the three-dimensional point
cloud data of the measured object was obtained by performing phase calculations and parameter calibration.
Results showed that this method can accurately calculate exposure time and frequency, and the fused raster
images were clearer and more complete.

For standard blocks, water pump pressure plate sleeves, and return disks with high—reflective surface,
the point cloud reconstruction rates were 99.80% , 99.20%, and 99.40%, respectively, improving the
measurement accuracy of the surface morphology of objects with high—-reflective surface. In order to further
verify the measurement accuracy of the proposed method, three standard blocks with different lengths,
consistent width, and a height of 9 mm were stacked to form a standard step block. The height difference
between two adjacent planes of the standard step block was measured using the proposed methodology,
yielding a measured height difference of 9.099 7 mm. The relative error of the height difference was
calculated to be +1.108%, indicating that the proposed methodology demonstrates a considerable level of
measurement accuracy.

Key words: Digital raster projection; Camera response curve; Image fusion; Topography measurement;
Highly reflective surface
OCIS Codes: 120.5060; 120.1880; 120.6650
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