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Fig. 1

Gray images of metal collected from multiple angles of light. (a) From the right; (b) from the bottom; (¢) from the left; (d) from

the top
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Fig. 2 Schematic of photometric stereo hardware. (a) Hardware layout diagram; (b) light source vector calibration diagram
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Fig. 3 Schematic for solving normal vector of highlighted points
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Fig. 4 Surface normal map reconstructed by photometric stereo

method
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Table 1 Comparison of the characteristics of several super-resolution networks

Super-resolution

network Size Characteristic
ESPCN 100. 0 kB The model is small in size and fast in training speed, but its super-resolution effect is poor
SRGAN 15.8 MB The super-resolution effect is good, but the training speed is slow
SRCNN 20.0 kB The model is small in size and fast in training speed, but its super-resolution effect is poor
RDN 22. 1 MB The super-resolution effect is good, but the training speed is a little slow
EDSR 38.5MB The super-resolution effect is good, but the network model is large and the training speed is slow
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Table 2 Hyper parameters selection in the training process of

super-resolution networks
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Table 3 Test result confusion matrix

Ace (20)

Predicted result

Ground truth

Positive Negative
Positive TP FN
Negative FP TN

Hyper parameter Value
Epoch 10
Batch 96

Iteration 300000
Learning rate 0.0001

Decrease rate of learning rate 0.5
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Fig. 8 Quantitative super-resolution reconstruction test platform. (a) Experiment platform; (b) shooting result
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Fig. 9 Imaging detailed display of gray image. (e) Blade gray image; (b)-(e) corresponding local area pictures

F10 AN TR G U5 A 2 R A B J B TA]
Fig. 10  Gray scale images collected from different light source angles
14 BE % 3k A A5 T, W 151 11 (b) e 2o i A B IX
A AR N IR <

B TR 7 % @0 i G 1 o i i ) L 9 () Al
P 1L(h) , AT L M &t G o't B S7 A Rl o A 1 A

B A T |

(@

©)

11 Al S B A A0 1 X L o (a) I 36 1) 0 81 5 (b)) ~ (e ) X6 i Jmy 748 X3 ]

Fig. 11

Detailed comparison of quantitative super-resolution reconstruction. (a) Blade normal map; (b)-(e) corresponding local area

pictures
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Fig. 12 Comparison of feature boundaries before and after fusion reconstruction. (a) Fig. 9 (b) area; (b) Fig. 11 (b) area
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Fig. 14 Comparison of high-resolution and low-resolution images in real images. (a) Original image; (b) local high-resolution image;

(c) local down sampling low-resolution image
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Fig. 15 Comparison of the effect of different super dividing networks on the surface image of metal blades. (a) Original picture;
(b) local picture; (c)-(g) effects of local area using RDN,SRGAN,EDSR,SRCNN, and proposed method
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Fig. 16 Metal blade image and surface defects. (a) Original picture; (b) local picture
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Fig. 17 Strengthening results of different methods. (a) Method of Ref. [10]; (b) method of Ref. [5]; (c) proposed method
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Fig. 18 Defect detection results by different methods. (a) Original detection image; (b) detection result by method of Ref. [10];
(c) detection result by method of Ref. [5]; (d) detection result by proposed method
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Fig. 19

Effect of micro defect boundary extraction after image super-resolution enhancement and reconstruction. (a) Local picture

boundary extraction; (b) enhanced reconstruction feature extraction; (c)(d) detail enlarged view
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Table 5 Comparison of extraction effect of blade surface defects
by different methods

Detection
Ground number
Method rou ————— Accuracy /%
truth Not
Flaw
flaw
o Flaw 27 6
Origin picture 72.9
Not flaw 4 0
Flaw 28 5
Method of Ref. [ 10] 75.7
Not flaw 4 0
Flaw 30 3
Method of Ref. [ 5] 81.1
Not flaw 4 0
Flaw 32 1
Proposed method 97.2
Not flaw 0 4
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Abstract

Objective  Aiming at the difficulty of detection caused by low contrast and insufficient descriptors of micro defects in

metal engine blades, this paper proposes a super-resolution image reconstruction technique to enhance micro defects.
Various kinds of tiny defects may occur during the manufacturing and use process of metal aero-engine blades, which will
have a huge impact on the appearance of the product or even the overall function. Therefore, the detection of tiny defects
on the metal surface has profound significance for the overall product quality control and loss assessment of parts. Current
detection methods are mostly based on manual detection, which has low reliability. The main factors that make it difficult
to identify defects accurately are unclear feature boundaries and low contrast between defect contours and background,
other noise in images or the two-dimensional ambiguity interference, and tiny defects with insufficient image descriptors for
accurate identification. To address the above problems, researchers have proposed corresponding solutions from the
perspective of image enhancement and fusion reconstruction. However, both image enhancement and image fusion
methods start from the overall image information, such as adjusting the histogram, contrast, and other comprehensive
attributes of the image to strengthen the features of the target, which are prone to problems such as negative optimization
and two-dimensional ambiguity interference. Therefore, this paper performs image enhancement from the imaging
principle and designs the image feature enhancement technique from the quantization and sampling aspects of image

digitization respectively.

Methods

examples, the discretization of the continuous coordinates of the image space is called sampling, and the grayscale values

The image digitization includes two processes: sampling and quantization. With 8 bit grayscale images as

of some points, also called sampling points, in the space represent the image. The conversion of the grayscale values of
the sampled pixels from analog to discrete quantities is called the quantization of the image grayscale, which determines the
gray-level resolution of the image. The super-resolution quantization sampling enhancement technique for images of tiny
defects on metal surfaces mainly focuses on contrast enhancement, resolution enhancement, elimination of two-

dimensional illumination unevenness, and stain effects of tiny feature details of images. It can reveal low-contrast and
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border-unclear details in a way that can be more easily recognized by human eyes and computers while retaining the original

clear features of images. In this paper, image enhancement is performed from the principle of imaging technology, and a
two-dimensional super-resolution enhancement technique with fused image acquisition and quantization is designed. As the
photometric stereo has the characteristics of refined normal mapping reconstruction, this paper proposes an image
enhancement reconstruction technique based on photometric stereo and image hyper-segmentation to address the problems
of existing methods. For the shortcomings of the quantization level in the digitization process, it uses photometric stereo
technology for the high-contrast display to highlight the image contour features, overcoming the deficiency in the previous
image with low contrast of fine features and vulnerability to two-dimensional ambiguity interference. For the deficiency of
sampling resolution level in the image digitization process, the image hyper-segmentation reconstruction method is
introduced to solve the problems of insufficient details and discrete image descriptors caused by the hardware bottleneck in

the traditional photometric stereo technology.

Results and Discussions Firstly, to compensate for the shortage of quantization capability of fixed-resolution
conventional images, the paper designs a photometric stereo-based image reconstruction method to achieve high-contrast
normal mapping reconstruction of the blade surface at the image quantization level (Fig. 11). In addition, in terms of
insufficient sampling descriptors for small defects, the multi-angle and multi-pose dataset is constructed from real blade
images, and the loss function of the super-resolution model is improved by Charbonnier loss based on pixel loss.
Additionally, the appropriate hyper-parameters are configured to reconstruct the high resolution and enhance the sampling
resolution. The resolution-enhanced images can improve the original image pixel count to two to four times the original
(Fig. 15), enhancing image details. Eventually, the super-resolution of small defects at both quantization and acquisition
levels is enhanced (Fig. 19). The proposed enhanced reconstruction method finally uses the traditional Canny operator to
identify the defect boundary of the blade surface. The experimental results show that the proposed method is immune to
two-dimensional ambiguity and can improve the detection rate of minor defects on the metal blade surface by up to 24. 3%

(Table 5) compared to the traditional method.

Conclusions The application of the image super-resolution reconstruction technique proposed in this paper can effectively
improve the recognition rate of metal blade surface defects and reduce the false detection rate caused by two-dimensional
ambiguity. The experimental results show that the recognition rate of minor defects on the metal blade surface can be
improved by 24.3% compared with the traditional method. Especially in the case of stains on the blade surface and poor
lighting effect of grayscale images, the image quantization contrast enhancement can shield the non-defective features such
as stains and strengthen the display contrast of the surface, and the image sampling information enhancement can be pixel
intensive and reduce the defects ignored due to too few pixels. The proposed method has a good prospect of application in
industrial static inspection. Compared with the existing methods, the proposed method is applied in the image input
preprocessing stage and can be easily integrated before the defect detection operator, which is conducive to promotion and
popularization. Subsequently, it is possible to extend the applicability and improve the robustness of image fusion
reconstruction with two-dimensional information enhancement by utilizing a streamlined and lightweight network to

conduct targeted data training on detection objects and integrating the hardware structures of photometric stereo.

Key words image processing; image reconstruction; super-resolution; photometric stereo; apparent morphology; machine

vision
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