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Surface defects on optics cause optic failure and heavy loss to the optical system. Therefore, surface defects on
optics must be carefully inspected. This paper proposes a coarse-to-fine detection strategy of weak scratches in
complicated dark-field images. First, all possible scratches are detected based on bionic vision. Then, each
possible scratch is precisely positioned and connected to a complete scratch by the LSD and a priori knowledge.
Finally, multiple scratches with various types can be detected in dark-field images. To classify defects and

pollutants, a classification method based on GIST features is proposed. This paper uses many real dark-field
images as experimental images. The results show that this method can detect multiple types of weak scratches in
complex images and that the defects can be correctly distinguished with interference. This method satisfies the
real-time and accurate detection requirements of surface defects.

1. Introduction

Large-aperture optics are indispensable in inertial confinement
fusion (ICF) high-power laser systems, such as National Ignition
Facility (NIF) [1] in the United States and Laser MegaJoule (LMJ)
Facility [2] in France, and have the dual function of guiding and
amplifying laser beams. The surface defects of large-aperture optics,
such as scratches, digs, and bubbles, may harm the safe operation of
high-power laser system. Therefore, detecting surface defects has an
important practical significance. Currently, automated visual inspec-
tion based on the dark-field scattering principle should be a rapid and
effective method to detect defects of large-aperture optical elements.
There are a number of methods to detect surface defects. The French
ICF project LMJ uses a high-resolution 45-Mpixel CCD camera with an
LED array edge-illuminating frame [3] to detect defects [4]. proposes a
defect detection method using dark-field back illumination and a
camera to obtain the flaw information for full sized optics at one time,
but the accuracy of these two methods is at most 110 um [5,6]. design a
surface defect evaluation system (SDES) with an area CCD and a
precise two-dimensional motion platform. The detection diameter of
the SDES is up to 810x460 mm? with a resolution of 0.5 um, but the
image acquisition time in sub-aperture scanning is longer than half an
hour. To achieve fast and high-precision detection of large-aperture
optical elements, a new and effective inspection instrument [7,8] with
two imaging systems for large-aperture optical elements was proposed.
It combines a dark-field imaging system (DFIS) with a line-scan
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camera at a 10 um resolution and a bright-field imaging system
(BFIS) with a microscopic camera at a 0.85 pm resolution. The DFIS
is developed to scan the entire optical element to quickly obtain all of
the distributions of surface flaws for coarse detection. BFIS is used to
measure the size of the flaws and recognize the flaw type for fine
detection.

The original system works well, but defect detection encounters
problems in some special conditions. On the one hand, scratches on the
optics, such as Nd-doped glass, are usually shallow. In [9] Fig. 1, the
depth of the scratch after burnishing is only approximately 200-
300 nm, as obtained by an interference microscope. The detected
scratches in our previous paper [8] are deep and obvious and can be
effectively detected by conventional binarization methods. In some
related works [10—12], the detected flaws are also often notably deep or
have a large area. However, these detection methods can lead to partial
detection and lead to undetectable problems when they encounter
these weak scratches. Meanwhile, there are surface defects in the
optical element compared to pollutants, such as dust, fibres, dirt, bright
spot, fingerprint, and so on. These disturbances are inevitably involved
in the inspection and can affect the detection results [13]. realizes
automated discrimination between digs and dust particles on optical
surfaces using dark-field scattering microscopy. In [14], the machine
learning method is applied to classify linear defects and circular flaws.
In current detection systems, such as those described in [7,8], these
disturbances are removed by manual marking before defect detection
begins. This method significantly reduces the detection efficiency. To
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Fig. 1. System layout.

automatically remove pollutants during the detection of surface defects
of large-aperture optical elements, there is no relevant report.

Compared with our previous paper [8], this paper focuses more on
image processing to solve the two aforementioned problems. In this
paper, a coarse-to-fine detection strategy (CFDS) and the defects
classification method based on GIST features are proposed. CFDS
based on the features of bionic vision and line segment detection (LSD)
is proposed, which can detect weak scratches in complicated dark
images. First, this method obtains all possible scratches and prelimi-
narily detects the possible scratch segments. Then, for each possible
scratch segment, it precisely positions the scratch and connects it to a
complete scratch using a priori knowledge. Finally, various types of
multiple scratches can be detected in the dark-field image. The defects
and interference are classified based on GIST features to improve the
detection accuracy. This method is succinct and has a high detecting
accuracy and low computational complexity in complex dark-field
images. Experiments show that the methods proposed in this paper
can quickly and accurately detect various types of weak defects based
on dark-field images.

The remainder of this paper is organized as follows. A simple
description of the inspection instrument is presented in Section 2.
Section 3 provides a detailed illustration of the flaw detection method.
A method to distinguish defects and interference is also proposed.
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Section 4 shows the experiments and results. Finally, this paper is
concluded in Section 5.

2. System setup

The dark-field inspection system for surface defects of large fine
optical components is described in detail in Ref. [8]. A brief summary
description and supplements are presented here. The inspection
system is composed of a clamp unit, a three-dimensional motion unit,
a line-scan camera, a laser distance sensor (LDS), an ion air gun and a
host computer. The instrument setup is shown in Fig. 1. The clamp unit
is used to fix the optical elements to the frame. A line-scan camera is
developed to scan the entire optical element to quickly obtain all
distributions of surface flaws for detection. The three-dimensional (3-
D) movement unit consists of a three-degree-of-freedom (DOF) motion
platform with grating rulers. The horizontal axis represents the move-
ment in the X-direction, and the vertical axis represents the movement
in the Y-direction. The line-scan camera, ion air gun and LDS are
placed on the vertical movement axis. The focusing direction of the
line-scan camera represents movement in the Z-direction. The optical
axes of the line-scan camera and LDS are parallel to each other. The ion
air gun is used to remove dust and fibres on the optical surface because
of the electrostatic adsorption effect. The computer is used to control
the three-DOF motion platform and capture images. Compared to [8],
an additional LDS and ion air gun are included.

In the system, the resolution of the line scan camera is 8192x1
pixels in size and the scanning speed of line scan cameras is 20 mm/s.
The maximum size of the optics for inspection is 810 mmx460 mm.

3. Defect detection

On the surface of the large-aperture optical element, the depths of
most scratches are only a few nanometres. Moreover, there are many
types of weak scratches. To clearly image the weak scratches, a strong
light is generally used that makes the grey value of the background
noise close to or even identical to the grey value of the scratches.
Fig. 2(a) shows a dark image of a typical scratch. It contains two
random weak scratches on the surface, which are marked in red.
Fig. 2(b) shows the dark-field image in 3D. The weak scratches and
background have no obvious contrast. The images of the weak
scratches after binarization are shown in Fig. 3. The low threshold
introduces background noise and uneven illumination areas, which

(a)

(b)

Fig. 2. Images of scratches: (a) a dark-field image captured by the system and (b) a 3D dark-field image. (For interpretation of the references to color in this figure, the reader is referred

to the web version of this article.)
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Fig. 3. Processed dark-field image: (a) image processed with a low threshold and (b) image processed with a high threshold.

interfere with feature extraction for scratches. The high threshold
classifies the weak scratches as background, which affects the measure-
ment of the total length of the scratch. In the international ISO10110-7
surface defects standard [15], the length of the scratch is an important
indicator of the quality of the optics.

3.1. Detection of weak scratch

In general, the main defects in the optical elements are digs and
scratches. Fig. 4 shows a dark-field image of digs. Digs are easily
exacted in dark-field images because of their high grey values and
circular shape. However, the weak scratches are difficult to detect.
Although the grey values of weak scratches are close to or even lower
than the background values, weak scratches can be easily identified
from the background when viewed by the human eye because of the
principle of dynamic grouping in the perception of the human visual
range. Humans tend to connect elements in different regions that have
some commonalities, such as pattern, colour, shape, texture and
directionality. Weak scratches are often not continuous, and the edges
of scratches have mutated grey values. However, they show a linear
arrangement of a series of irregularities in a similar pattern. These
patterns can be interpreted as scratch segments to constitute a
complete weak scratch.

Therefore, the CFDS of weak-scratch detection is proposed in this
paper. The first step is the coarse detection of weak scratches. Using the
characteristics of the regional principle in the perception of the human
visual range, a coarse-detection algorithm for weak scratches is
designed. After coarse detection, all potential scratches can be effec-
tively extracted. Then, a fine-detection algorithm to determine the
scratch location and scratch connection is proposed. Finally, using the
coarse-to-fine detection strategy, the full information of weak scratches
is obtained.

3.1.1. Coarse detection
This process is a binarization of the original dark-field image. In
this step, all potential line segments or areas must be extracted, and the
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background light noise and uneven illumination areas must be
removed using the bionic vision method. When some points have
certain grey values along a linear distribution, they may be a potential
segment. Based on this principle, four directions (0°, 45°, 90° and
135°) of the line detection units are designed. In Fig. 5(a), the darkest
pixel is the point to be binarized (detected). The degree of line
detection units is 90°, and the length of the line detection units is
W,, which is 3 in Fig. 5(a). A line detection unit in one direction is
divided into three parts: left, middle and right. The sums of the grey
values of the left, middle and right parts in Fig. 5(a) are defined as L,,
L., and L,, respectively. In Fig. 5(b), the line direction units in four
directions are shown. Straight lines with identical colour and direction
are identical line direction units. The rules of coarse detection are
defined as follows:

1 I(u,v)>T

@ L >L+T ad L.>L +T0

3 IL-L|<T
@ L>T, o L >T

As shown in Fig. 5(a), I(u, v) is the grey value of the pixel (u, v). The
direction of potential scratches is the direction of the line detection
units when |L.~Lq| or |L.-L,| reaches the maximum value. Rule 1
requires that the point in the potential segments (scratches) cannot be
too dark. Rule 2 requires that the point in the potential segments
(scratches) of a certain direction is consistent with the line character-
istics. A point on the segments should have a higher grey value than
one not on the segments. Rule 3 requires that the grey values of the
segments on both sides be approximate. This rule removes uneven
illumination areas. Rule 4 requires that the segment has a certain width
to remove background noise. To increase the detection speed, the
current point will be skipped when one of the four rules is not satisfied.
Ti, To, T3 and T, are the thresholds in the four rules. T; is obtained
based on background sampling in (1). A series of sampled points is
obtained, where the sample interval has m rows and n columns in the
image space.

Fig. 4. Dark-field images of digs.
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Fig. 5. Sketches of the line detection units: (a) 90° line detection unit and (b) four line detection units. (For interpretation of the references to color in this figure, the reader is referred to

the web version of this article.)
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where W and H are the image width and height, respectively, and
I(x, y) is the grey value of the pixel at the coordinates (x, y). £ is an
adjustment coefficient. In this paper, we use the following values:
T1=40, T,=10, T3=40, T,=32 and &=5. Fig. 6(a) shows a typical dark
image of a scratch with background noise and uneven illumination
areas. Weak scratches are marked in red. Fig. 6(b) shows the coarse-
detection result. The proposed algorithm can remove the uniform
background brightness and high-frequency noise and effectively extract
all of the line features in the image.

3.1.2. Fine detection

Scratches in the optical element are formed in the grinding and
polishing process. Therefore, they may have various shapes. As shown
in Fig. 7, there are seven types of typical scratches on the surface of
large-aperture optical elements. (a) Shows a standard single scratch
shape with a smaller number, which is easily detected. (b—e) Show the

(a)

largest scratch species, which contain line interrupted scratches, point
intermittent scratches, point-line interrupted scratches and line-point
interrupted scratches. These scratches are initially intermittent or
continuous. Because of different depths or uneven thicknesses in the
same regions of scratches, the scratches are divided into segments
during coarse detection. These segments must be connected into a
complete scratch. (f—g) Show two typical interference scratches. (f)
Shows two scratches, where there is no dot or segment in the gap.
However, the two scratches are consistent in direction, which can be
easily connected into an error. (g) Shows a single scratch. There is
significant pitting or a dust disturbance near the scratch, so the scratch
segments are easily connected to interference. In this step, our goal is
to accurately locate and measure these seven types of weak scratches.

The fine-detection algorithm mainly consists of two parts: the
region of interest (ROI) location and target linking. The line segment
detector (LSD) [16] is applied to locate the line segments in a binary
image, as illustrated in Fig. 9(a). The fine-detection method is proposed
here.

(b)

Fig. 6. Dark-field images: (a) the source image and (b) the image after coarse detection. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)
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Fig. 7. Scratch types: (a) standard scratch, (b—e) common scratches, and (f—g) scratches with interferences.

(a)

(c)

Fig. 8. Schematic view of the rules: (a) intersection angle, (b) distance, and (c) gap..

(c)

(d)

Fig. 9. Fine detection of defects. (a) Image after binarization, (b) LSD result, (¢) ROI and the result of RANSAC, and (d) final result. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

(1) First, the LSD algorithm is used to precisely locate the potential
scratch segments. The result of the LSD, which is labelled in red, is
shown in Fig. 9(b). To accurately locate a scratch, a complete
scratch detected by the LSD is divided into many small line

segments. Thus, all of the scratch segments after the LSD must
be classified as a group. The rules to classify the scratch segments
are: intersection angle 0; between two segments, distance d; from
the midpoint of the segment to another segment, and gap g;
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Fig. 10. Dark-field images of defects and pollutants: (a—b) scratches, (c) fibres, (d—e) dust, (f) water stains, (g) fingerprints, and (h) bright spots.
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Fig. 11. Extracting the GIST descriptors from dark-field images.
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Fig. 12. (al), (a2), (a3) and (a4) Detection results of decreasing parameters T, T», T3 and T4. (b1), (b2), (b3) and (b4) Detection results of increasing parameters Ty, T, T3 and Tj.
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Fig. 13. Detection results of typical scratches: (al)—(a7) original images; (b1)—(b7) detection result after the coarse detection; (c1)—(c7) detection result after the fine detection. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

between two scratch segments. Fig. 8 is a schematic view of the
rules. If two segments satisfy these rules, they will be classified as a
category. Hence, two segments with identical linear characteristics
may come from the same scratch. In this paper, we use the
following thresholds: 6; =12°; d; =3 pixels; g; =100 pixels. The
set S of all scratch segments after grouping is

s = {i(psl’pel)’ i(l’sz’l’ez)’ ’i(psk’pek)}'

where s is the i- category line segment group, i(psl,pel) is the start
point and end point of the k- line segment, which is obtained using the
LSD.

(e

(3

All of the points in the ks set are sorted in the direction of its
average slope to obtain the start and end points. The length of the
scratches can be known from a prior knowledge. We extend the
two points based on prior knowledge and obtain an ROI of the
rectangular area. The ROI results, which are labelled in white, are
shown in Fig. 9(c). In this paper, the extended length along the
direction of the line segments is 1000 pixels and the extended
length perpendicular to the direction of the line segments is 100
pixels.

The random sample consensus (RANSAC) algorithm is used in the
ROI to obtain an accurate position of the scratch and point set ksr
in the scratch. To avoid interference near the scratch, the fitting
weights of points can be increased, which are obtained using the
LSD. After RANSAC, the points in ksr are returned to the original
dark-filed image to calculate the grey values. If the grey value of the
points in ksr is too large, it may be dust or dig. These points should
be removed in ksr. The result of RANSAC, which is labelled with
the blue line, is shown in Fig. 9(c).
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(a7) (b7) (c7)

Fig. 13. (continued)

(4) The points in ksr are used to link the scratch segments to a on the segment, length of the segment and maximum value of the
complete scratch using the probabilistic Hough transform [17]. connected interval (gap) between adjacent segments. These con-
The conditions for linking the line segments are: number of points ditions are also the input conditions of the probabilistic Hough
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(2) (b)

Fig. 14. Detection results of dark-field images with no targets.

Table 1
Comparison of the scratch length using different methods .

Index N-LSD Literature Ours Manual Actual size
(mm) [19] (mm) (mm) inspection (mm) (mm)

1 182 168 187.8 180 190

2 389 340 410 393 416

3 245 215 255.9 239 252

4 110 104 130.9 116 128

5 41 34 45.1 32 44

6 72 68 74.1 66 76

7 226 220 235.3 233 237

transform. Finally, the complete scratch in the ROI is obtained.

(5) Repeat steps 2—4 for all scratch segment categories of set S; then,
set L of all scratches is obtained. The scratches in set L must be
merged in the final result. The final result, which is labelled with
the green line, is shown in Fig. 9(d).

In the process of the fine-detection method, three types of line
detection methods are combined. The LSD algorithm is more suitable
to locate the local straight outline in the image. To obtain an accurate
scratch and remove the interference from dig and dust, the fitting
method based on RANSAC is used. To connect broken scratches, the
high-efficiency method of the probabilistic Hough transform is used.

3.2. Classification of defects and interference

Surface defects in optics are notably few with respect to pollutants,
such as fibres, dirt, bright spots, and fingerprints. These pollutants are
inevitably involved in the process of producing, cleaning and transport-
ing the optics before inspection, but they must be distinguished from
actual defects to improve the detection accuracy. The dark-field images
of defects and pollutants after reducing are shown in Fig. 10.

In the detection of a weak scratch, some pollutants, such as dusts
and stains, after the coarse detection also have good linear features, so
they are easily erroneously detected as scratches. To classify defects
and pollutants, GIST descriptors [ 18] are used to extract the features of
dark-field images. In general, the GIST descriptor is commonly used in

Table 2
Classification result of scratches and pollutants.
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scene classification. The GIST descriptor is the global feature descriptor
that uses the Gabor filter, which is notably similar to the response to
visual stimuli of simple cells in the human visual system.

Fig. 11 shows the computation process of the GIST description.
Gabor filter transfer functions with various orientations and spatial
resolution are used to filter an image. Then, the image is divided into
nxn grids. The average filter response is obtained from each grid.
Finally, all of the averages are connected into a vector as the feature
description of the entire image. The Gabor filter transfer functions with
various orientations and spatial resolutions are as follows:

s 63+ ,
Gy=C exp(w)exp(Zﬂy (uoxg; + voyg))
Xg; = x cos 0; + y sin 6;, y,, = —x sin 6; + y cos 6; 2

where C is a positive constant; (ug, vo) is the time-domain frequency of
the plane sine wave; o is the standard deviation of Gauss function; s is
the number of scales; 0; is the orientation of the scale s; 0;=m(i—1)/6,.
i=1,2,...,0,; and 6y is the number of filter direction.

In this paper, the GIST descriptor is applied to classify the defects
and interference. The region to detect is the ROI in Section 3.1.2. All
images are re-scaled to a square image of 64x64 pixels. Then, the
region is divided into 4x4 grids, and the number of orientations 65 and
scales is 8 and 4, respectively. Thus, the final Gist descriptor has
4x4x8x4=512 feature dimensions. When the 512 dimensional features
are obtained, they are entered into the support vector machine (SVM)
classifier to classify them.

4. Experiments
4.1. Scratch detection experiment

The detection performance of the proposed method was tested on
several images that were captured in different Nd-doped glasses. The
aforementioned threshold parameters T), To, T3, T4 and & were
determined using many Nd-doped glass detection experiments. The
experiment results of changing parameters Ty, T», T3, T4 are shown in
Fig. 12. The dark-field image of Fig. 6(a) was used as an example.
Fig. 12(al), (a2), (a3) and (a4) show the detection result after

Method Number of true positive Number of false positive Accuracy
Scratches Pollutants Scratches Pollutants

Our method 79 91 1 9 94.44%

GOCM [20] 49 92 31 8 78.33%

GLCM [20] 45 86 35 14 72.78%




X. Tao et al.

decreasing parameters T4, T», T35 and T4, respectively. Fig. 12(b1), (b2),
(b3) and (b4) show the detection results after increasing parameters Ty,
T», T3 and Ty, respectively. The four sets of coarse-detection results in
Fig. 12 show that the changing parameters T7, T», T3 and T} affect the
overall defect information, linear characteristic information, width of
the weak scratches and length of the weak scratches, respectively.
When T; or T, decreases, the length of weak scratches increases.
However, the length of the scratches can reduce when Ty, T> or Ty
decrease. By adjusting the parameters, weak scratches can be com-
pletely extracted under suitable values. When detecting other optical
elements, those parameters must be adjusted according to the experi-
ments rules.

In the scratch detection experiment, there are seven different
scratches in our test images. Each scratch belongs to a typical flaw in
Fig. 7. In addition, there is a large difference among these test images,
such as background, interference and structural features. The test
image has a size of 2048x2048 pixels and displays a broad variance of
each scratch type because they are captured in different optics,
positions and environments. The examples in Fig. 13 show the results
of the scratches, which are labelled in green lines on the original
images. Fig. 13(al)—(a7) show the original images, where the scratches
are marked in red. Fig. 13 (b1)-(b7) show the coarse-detection result.
Fig. 13(c1)—(c7) show the fine-detection result. As observed, the
proposed algorithm successfully located weak scratches from the
dark-field images and obtained the true length of the scratches. In
addition, other images with no scratches were tested. As shown in
Fig. 14, there are some false targets, such as uneven illumination in the
background and light noise, which have a similar structural feature
with the scratch. Although no targets were found, the result in Fig. 14
proves that the proposed method has a strong ability to exclude noise
and interference. In this experiment, the detection accuracy rate of a
weak scratch is 98% for 600 test images.

To prove that the CFDS positively affects weak scratch detection, a
method not based on line segment detection (N-LSD) was used as a
comparison. The method in [19] was also used as a comparison to
evaluate the proposed method. All of the methods extracted weak
scratches and measured the total length of the scratches in the optics,
but the strategies were different. In N-LSD, the coarse-detection
algorithm is also used to extract all potential scratches. Then, the
probabilistic Hough transform is directly used to extract the line
segment and connect to a complete scratch. In [19], the dual-threshold
detection method is applied to extract scratch defects. According to the
frequency characteristics of weak scratches, background contrast and
spatial characteristics, the algorithm of frequency domain filtering with
background difference is used. The overall lengths of the completed
weak scratches in the optics of the three different methods are listed in
Table 1. With manual inspection, the observed scratches on the optics
are manually measured by inspectors under strong light. Because a
small scratch was missed in the manual inspection, the scratch length
of the manual inspection was used as a reference. The actual size was
obtained by multiplying the pixel equivalent to the pixel lengths of the
scratches, which were manually measured in the dark-field images.

According to Table 1, the proposed method has a smaller measure-
ment error of the length of the weak scratch. The N-LSD algorithm is
similar to our approach, so they have similar detection lengths.
However, when some scratches are extremely weak, the N-LSD
algorithm fails to connect small scratches [19]. used the frequency
method. The limitations of the frequency range lead to many weak
scratches being missed, which results in a larger measurement error.
Overall, the proposed method is effective for weak-scratch detection.

4.2. Defect classification experiment
In total, 585 samples were selected as training samples, which

included 190 scratches and 395 pollutants; 180 samples were selected
as test samples, which consisted of 80 scratches and 100 pollutants.
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The sample used for detection was the ROI in Section 3.1.2. To
facilitate normalization, the obliquely ROI should be rotated to the
horizontal. All images were re-scaled to a square image of 64x64 pixels
for feature extraction. The number of orientations 85 and scales s in Eq.
(2) was 8 and 4, respectively. Then, to improve the classification speed,
the 512-dimensional features used principal components analysis
(PCA) to reduce to a particular dimension whose contribution rate
was more than 95%. Those features were entered into the SVM
classifier to classify the defects and pollutants. The kernel function of
the SVM classifier is a linear kernel function. If the classifying result is
interference, the fine extraction in steps 3—4 in Section 3.1.2 is not
necessary. This process improves the efficiency and accuracy of defect
detection.

A comparative experiment was conducted. The comparative method
was shown in [20]. There were two texture feature extraction methods
that were used to classify surface defects in extruded aluminium
profiles, which contain gradient-only co-occurrence matrices (GOCM)
and grey-level co-occurrence matrices (GLCM). Features such as the
contrast, homogeneity, energy and correlation are derived from co-
occurrence matrices for classification. The classifier was also the SVM.
The results are listed in Table 2. Our method has a significantly higher
recognition accuracy than the method in [20]. Because the scratches
were similar to the linear pollutants in the local features, the proposed
classification using global features in the dark-field image is more
appropriate to identify surface flaws and pollutants.

5. Conclusion

This paper presents a coarse-to-fine detection strategy (CFDS) and
defect classification method in dark-field images for defect detection.
The CFDS preliminarily detects possible scratch segments based on
bionic vision features, which makes full use of the scratch a prior
knowledge to exactly link the segments to an entire scratch in the dark-
field image. Then, the classification of defects and interference is
completed using the SVM based on GIST features. This paper uses
many real dark-field images as experimental images. The results show
that the proposed method has a high detection accuracy for surface
defects of a large-aperture optical element.
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