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Fig. 2 Aim objects. (a) Inclined plane; (b) conical imaging plane; (c) hemispheric imaging plane
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Table 1 Parameter level table

Number Focal Pixel
F-number .
of level length /mm size /pm
1 8 1.4 3
2 12 2.0 4
3 16 2.8 5
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Table 2 Experimental scheme and experimental results

Test number Focal length Pixel size F-number Blank column E,./mm

1 1 1 1 1 7.13

2 1 2 2 2 11.35

3 1 3 3 3 14.28

4 2 1 2 3 3.83

5) 2 2 3 2 8.37

6 2 3 1 1 4.86

7 3 1 3 2 2.91

8 3 2 1 3 2.72

9 3 3 2 1 3.48

*3OSIAR
Table 3 Analysis of experimental results unit: mm
Parameter Focal length Pixel size F-number Blank column

K, 32.76 13.87 14.71 15.47
K, 17.06 22.44 18.66 22.63
K, 9.11 22.62 25.56 20.83
ky 10.92 4.62 4.90 5.16
ks 5.69 7.48 6.22 7.54
ks 3.04 7.54 8.52 6.94
Range R 7.88 2.92 3.62 2.38
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Table 4 Variation of reconstruction accuracy with focal length

E,.. in sampling interval of
Focal length /mm I bhime mter

E... in sampling interval of E... in sampling interval of

0.075 m /mm 0.100 m /mm 0.125m /mm
12 6.02 10.32 15.30
13 5.90 10.07 15.27
14 5.81 10.06 15.54
15 5.77 10.30 16.31
16 5.84 10.91 17.63
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Table 5 Variation of reconstruction accuracy with F-number

E... in sampling interval of E... in sampling interval of E... in sampling interval of
F-number
0.100 m /mm 0.125m /mm 0.150 m /mm
1.0 10.37 16.52 24.15
1.2 10.04 15.47 22.30
1.4 10.10 15.26 21.75
1.6 10.32 15.30 21.70
2.0 10.64 15.90 22.01
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Fig. 4 Variation of optimum F-number with sampling interval
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Table 6 Proximity of fitting points

Sampling interval /m

Theoretical result /mm

Actual result /mm Proximity /%

0.020 7.028 6.710 95.47
0.025 8.063 7.793 96.65
0.030 9.025 9.189 98.19
0.035 9.915 9.934 99.81
0.040 10.736 10.791 99.49
0.050 12.177 12.948 93.67
0.075 14.695 14.874 98.78
0.100 15.858 15.130 95.41
0.125 15.904 15.429 97.01
0.150 15.074 15.781 95.31
0.200 11.739 11.524 98.17
0.250 7.768 7.935 97.85
0.300 5.076 5.014 98.78
Average 97.28
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Table 7 Proximity of verification data

Sampling Theoretical Actual o
interval /m result /mm result /mm Proximity /7%
0.030 9.025 8.970 99.39
0.040 10.736 12.023 88.01
0.050 12.177 13.143 92.07
0.100 15.858 15.526 97.91
0.125 15.904 15.888 99.90
0.150 15.074 15.781 95.31
0.175 13.606 12.720 93.49
0.200 11.739 10.804 92.03
Average 94.76
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Table 8 Reconstruction accuracy of optimum depth of field

Sampling interval /m  E,,, for optimum depth of field /mm

s for large depth of field /mm

E .. for small depth of field /mm

0.035 1.34
0.075 5.77
0.125 15.26

2.16 1.85
9.12 8.28
20.35 19.12

3.5 ELPREIGIEIE

ST B IR AR S ¥k AE S bR N R A shE [
B 2% & 3 S50 PR 3 50 i S = 4R £F BOME LUK ff B2 B
R e B, 7 P AR THT 40 AR A SR S 56 X 5 4 il O e e A
SR AL TS B = 4 AR EEXT S . SR h

AR TH AE A LA B Y R TR B AR AR e R 0.5~0.8 m,
AH HL Y 4 BE 3R A 1200 pixel X 640 pixel, 1% 70 R 5 A
5.86 pum. 3 ZH S 5 A Sk A ] BE 43 00 O 0.06 . 0.08 .
0.10 m, ¥ 5 £ FE A F 000 5% T8 43 ) 38 3 o A 0 I
REERMPNFHE, K EAERHEH (7)) HES R,
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Table 9

Reconstruction accuracy of optimum depth of field in actual scene

Sampling interval /m E.... for optimum depth of field /mm

E,.. for large depth of field /mm  E,,. for small depth of field /mm

0.06 7.03
0.08 9.72
0.10 13.46

13.42 8.02
36.11 12.67
35.46 17.62
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Influence of Imaging Parameters on Shape from Focus of Large-Depth Objects

Xia Xiaohua', Cao Yusong, Xiang Haoming, Yuan Shuhao, Ge Zhaokai
School of Construction Machinery, Chang’ an University, Xi’ an 710064, Shaanxi, China

Abstract

Objective  Shape from focus is a passive three-dimensional reconstruction technology that restores three-dimensional
topography from multi-focused image sequences of target objects. To improve the reconstruction accuracy of this
technology in practical applications, the existing methods mostly remove image jitter noise, improve focus measure
operator and evaluation window, and optimize data interpolation or fitting algorithms. Although these methods can
improve the accuracy of shape from focus, the influence of imaging parameters on reconstruction accuracy is not
considered, and the accuracy of shape from focus should be further improved. We explore the influence of imaging
parameters on the accuracy of shape from focus of large-depth objects and then clarify the improvement measures of the
imaging system when the reconstructive accuracy of shape from focus does not meet the requirements in practical
applications. Finally, our study helps select imaging parameters in the application of shape from focus technology to obtain

better reconstruction accuracy.

Methods Based on constructing the evaluation index of 3D reconstruction accuracy of shape from focus, we firstly
analyze the influence degree of focal length, F-number, pixel size, and other parameters in the imaging system on the
accuracy of shape from focus by the equal-level orthogonal experiment of a single index. Meanwhile, the primary and
secondary orders of the influence of these imaging parameters on the accuracy of shape from focus are determined. Then,
the influence of main and sub-main imaging parameters on the 3D reconstruction accuracy is analyzed emphatically by
experiments, and the relationship between the optimal imaging parameters and the sampling interval of multi-focus images
is revealed. Finally, considering that the change of imaging parameters affects the restoration accuracy of shape from focus
by changing the depth of field of the system, it is necessary to explore the influence of imaging parameters on the
restoration accuracy of shape from focus of large-depth objects via the depth of field. The experiments help establish the
empirical formula between the sampling interval of multi-focus images and the optimal depth of field, providing a

theoretical basis for setting imaging parameters of the system.

Results and Discussions According to the orthogonal experiment results (Table 3), focal length and F-number are the
main and sub-main parameters affecting the accuracy of shape from focus, the influence of pixel size is less than focal length
and F-number, and the influence of blank column is the least, which means that there are no important parameters that
have not been analyzed. In practical applications, adjusting the focal length and F-number can be realized by adjusting the
zoom lens with variable apertures, and meanwhile adjusting the pixel size usually requires replacing the camera, which is

costly and usually not considered. Thus, the pixel size is regarded as a non-main influencing parameter. Analyzing the
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influence of main and sub-main parameters on the accuracy of shape from focus shows that there is the best focal length

(Table 4) and the best F-number (Table 5) for the highest reconstruction accuracy under a given multi-focus image
sampling interval, and with the decreasing sampling interval, the best focal length increases (Fig. 3) and the best F-number
reduces (Fig. 4). Considering that the change of imaging parameters affects the accuracy of shape from focus by changing
the depth of field of the system, we establish an empirical formula between the sampling interval of multi-focus images and
the optimal depth of field. The fitting accuracy of the empirical formula is 97.28% (Table 6), and the verification accuracy
is 94.76% (Table 7), which can be adopted to calculate the optimal depth of field. The optimal depth of field can
significantly improve the accuracy of shape from focus (Table 9), which provides a new way for improving the accuracy of

shape from focus of large-depth objects.

Conclusions The primary and secondary orders of the influence of imaging parameters on the accuracy of shape from the
focus of large-depth objects are discovered, including focal length, F-number, and pixel size. The influence of main and
sub-main imaging parameters, focal length, and F-number is analyzed emphatically. It is known that the root mean square
error of object reconstruction results decreases first and then increases with the rising focal length or F-number in a given
multi-focus image sampling interval, and there is an optimal focal length and F-number that leads to the highest
reconstruction accuracy. With the decreasing sampling interval, the optimal focal length increases and the optimal F-
number reduces. We consider that the change of imaging parameters affects the accuracy of shape from focus by changing
the depth of field of the system. The experiments indicate that the empirical formula between the optimal depth of field and
the sampling interval of multi-focused images is obtained. The accuracy of the empirical formula obtained by the verified
data is 94.76% , which can be employed to calculate the optimal depth of field. Our experiments show that adjusting the
focal length and F-number of the imaging system according to the optimal depth of field can significantly improve the 3D

reconstruction accuracy of large-depth objects.

Key words machine vision; shape from focus; imaging parameter; large-depth object; reconstruction accuracy
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