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Particle Detection on Low Contrast Image of Large Aperture Optics
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Abstract: It's a challenge to identify actual deposited particles from the acquired optics image mixed with large noises.
Due to the long working distance constraint for online inspecting large aperture optics, the vision system has great depth
of view. It results in that the acquired optics image is blended with stain contamination on the back side of the inspected
optics surface. In this paper, we propose a particle detection method for the low contrast image of large aperture optics.
The method consists of three steps including particle candidate detection, image alignment and particle determination.
The particle candidate detection algorithm combines the gradient information to detect small particles. The actual par-
ticles are determined by the subtraction of the reference image from the inspected image with the topological infor-
mation. For the detected particle, this paper also gives a classification method to identify dust and defect. Experiment
shows that the actual particle on the low contract image of large aperture optics can be effectively detected and classified

with the proposed method.
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1 INTRODUCTION

Particulate contamination deposition on the Large Aperture
Optics Surface (LAOS) has a serious influence on LAOS's
cleanliness and results in particle induced damage on
LAOS [1]. Particulate contamination initiates damage on
both bare and coated optical surfaces in the presence of
high intensity laser light. The decrease of cleanliness level
of optics surface not only causes damage on the optics but
also reduces the load capacity of optical systems which
deploy a large number of optics. Quantitating particles of
large aperture optics surface precisely is important for
evaluating and sustaining the cleanliness level of optics and
finally raising the longevity of optics.

Online particle detection and counting are particularly
challenging problems due to the particle's microsize and
optic's large aperture [2]. The common used method of
quantitating the surface cleanliness level is realized by
technician's sampling and estimation. Scanning Electron
Microscopes (SEMs) and Atomic Force Microscopes
(AFMs) are not effective and have limited Field Of View
(FOV). They are suitable for observing the micro structure
of particles not for particle aggregation.

Compared to the above mentioned method, vision based
inspection method is automated, non-destructive testing
and able to avoid the particle contamination induced by the
measurement process considering that people are believed
to be the most significant source of contamination within
the contamination control community. However, the ex-
isted automated inspection instrument for large optics
usually aims at the defects or scratch [3-5]. There is little
literature investigating the automated inspection method of
particle aggregation on large aperture optics.

Automated particle detection system is usually designed for
monitoring critical locations in a cleanroom (e.g. the parti-
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cle deposition is serious where the optics is face-up). Given
an image of the particles deposited on optics surface, we
can make statistics about the number, length, width and
area of the particles. When the system measures at the
certain fixed location, it can monitor the changes every 10
minutes or more.

The remainder of this paper is organized as follows. Section
2 introduces the optics surface particle inspection system.
We also propose a gradient-based particle detection algo-
rithm. A particle determination step is presented in section
3 to remove the false particles in the result of the particle
candidate detection. A Binary Robust Invariant Scalable
Keypoints (BRISK) detector is used to make image
alignment before subtraction of the reference image from
the inspected image. A classifier is trained for classifying
the dust and defects in detected particles in section 4. Sec-
tion 5 describes the experiment result and error analysis.
Finally this paper is concluded in section 6.

2 Particle detection algorithm

The inspection system structure sketch is shown in Fig. 1. It
consists of light sources and a vision system. The light
sources are fixed at both sides of large optics and slightly
higher than optics surface, so the incident light beams have
small angle of grazing incidence. The vision system con-
sists of a lens with changeable magnification factor and a
high definition Charged Couple Device (CCD). The vision
system is installed at the viewing window and its optical
axis is vertical to the optics surface.

The optics surface inspecting system uses a line light source
to give the small grazing incidence light illumination. The
illumination way forms a dark-imaging system. Due to the
airtight chamber circumstance, the stray light from the light
source causes that stain contamination on the back side of
the optics is imaging on the CCD. The example of acquired
image is shown in Fig. 2.

Particle potential candidate detection comprises three steps.
A gradient-based edge detection filter is constructed and
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used as the saliency criterion for identifying particle can-
didates. As a matter of fact, the pixel area of a particle
ranges from single pixel to cluster of pixels. Here we con-
structed an edge detection filter.

=15 g1, Lo, (1)
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‘ box ‘ ‘ Incident light ‘ ‘ Viewing window armed HVicwingwindow‘

Optics parts ‘ ‘ Imaging system ‘ ‘Rcﬂectcdlight

Fig. 1 The inspection system structure is inside an airtight chamber. The
red area is the space scope of intrinsic light path of optical system
which the inspected optics belongs to.

Fig. 2 Example particle image. In left sub-image, the objects selected by
red circle are actual particles, while other bright regions in the image
are stain contamination in the other side of the optics.

where 1! is the filtered output at pixel s, Q denotes the
set of pixels # in the window which is centered at s, and
g(x;0) is a Gaussian function with variance o”. Z_ is the

normalization  term, which is  calculated as

Z, = Zg(| VI, |;o0,) . | VI, | is the magnitude of the image
teQ)

gradient. Different from the box filter, the pixel-based filter

is more suitable for the small particle existence condition.

In fact, small particles will vanish if the rectangle mean

method is used.

In the second step, we classify each pixel i to particle's
edge if:

-1 >¢ @)

Where &, is positive value, it controls the sensitivity of the

algorithm to the particle. Here we only filter out the edge of
the particles, based on (2), the whole particle region's pixel
is

R,={s|I, 21, && @st] 21, &&1€U,(s)}(3)

Where U,(s) is 4-nearest neighborhood of s, I, is the
edge pixel of particles. (3) gives a recursive criterion to
generate the whole particle region.

When the distances between the corresponding points are
less than a special value, &, , they are & -neighborhood[6].
If d(t,,s)<¢e, && d(t,,5)<é&,, then t,t, eU(s). Some
particles are split into several divergent connection regions.
We cluster them based on the position information.

if 1,eR), && 1,eR && 1,1, eU(s)
then seR,

Then pixel s is partitioned into the particle region. The
particle regions R and R finally are clustered into

connected region.

3 Particle confirmation

3.1 Alignment of the corresponding particles

Although we detect out the particle candidates in the pre-
vious step, not all these candidates are actual deposited
particles. In this step the actual particle is identified by the
subtraction of the reference image from the inspected image.
As shown in Fig. 3, all the particle candidates detected by
our method contain both actual particles and false ones.

After we have got the particle potential candidates, the next
step is to select out the actual particles. Alignment between
inspection image and reference image is a prerequisite for
the generation of subtraction result to find particles by
comparing them.

Suppose that M =[.X,Y,0]" is a point on the optics surface.
m, =[u,,v,] and m, =[u,,v,] are the image points cor-

respond to image project M in the inspected image and
reference image. Their augment vector by adding 1

is M=[X,7,0,1]",m, =[u,v,1]",m, =[u,,v,,1] . A
camera is modeled by the usual pinhole: the relationship
between a surface point M and its image projection m,

and m, is given by
A, =A[R, t ]M

4
Am,=A[R, t,|M @

where A’ is an arbitrary scale factor. (R,,t,)is called the

extrinsic parameters. They are the rotation and translation
which relate the world coordinate system to the camera
coordinate system. A is called the camera intrinsic matrix.

Based on the projection model in (4), we can get
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Here suppose

[u2 Vv, I]T = H[u1 v l]T (6)
then
H="2A[R, (][R ] A" )
j"p 2 2 1 1

H, . is the homography matrix, it has 8 independent pa-
rameters. Suppose

€0 S Cn

H=|¢, ¢, ¢, )]
Cn Cu Cxn
substitute (8) into (6), we can get

Cooldy +Cy 1V, +C
u, = 00%1 0171 02 )
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_ 1071 1171 12
v, = WA AN TG (10)

c20u1 + c21v1 + 022

rewrite it we can get

U,
(11)

' ’ ’ ’ ' _
{COOHI tC + Cop — CpplhyUy —Cy ViU, =
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where ¢ =c, /¢, (i, j €{0,1,2}) . For n>4 given known
points, H can be determined by (11).

To find the matched point pairs, we use Binary Robust
Invariant Scalable Keypoints (BRISK) to detect the key-
points and find the matched point pairs.

BRISK detector detects keypoints in octave layers of the
image pyramid as well as in layers in-between. The octaves
are obtained by progressively half-sampling. Initially, the
Features from Accelerated Segment Test (FAST) detector
[7] is applied in this algorithm on each octave and in-
tra-octave separately using the same threshold 7' to iden-
tify potential regions of interest. Then, a non-maxima
suppression method is performed to find the extreme point.
The method performs a sub-pixel and continuous scale
refinement for each detected maximum. The location and
the scale of each keypoint are obtained in the continuous
domain.

BRISK descriptor estimates the direction g of the keypoint.

Then it applies the sampling pattern rotated by a=arctang
around the keypoint. Finally the descriptor assembles a
bit-vector by performing intensity comparisons between
each point pair.

Matching two BRISK descriptors [8-10] is a simple com-
putation of their Hamming distance. The number of bits
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different in the two descriptors is a measure of their dis-
similarity.

3.2 Particle determination

Considering that the particle region in the gray-scale image

is presented as a bright area which makes the average in-
tensity around the area changes greatly. The position rela-
tionship of particle regions of the reference image and
inspected image may have 2 cases as below.

Fig. 3 Particle image detection result, all particle candidates blended with
actual particles and false particles.

e Two particles are concentric or have big degree of
overlap.

B Average intensity around the area changes
greatly. This means that a new particle exists
in the inspected image.

B Average intensity around the area does not
change greatly. It means that no new particle
exists.

oIf two particle regions are non-concentric and have
small degree of overlap, a new particle exists.

Let f € B where B is the set of all closed, parameterized,

absolutely continuous curves. Absolutely continuous, pa-
rameterized curve [ is the particle contour. Let

L, = I;W(t) |dt be the length of the curve #, where the

|-] is Euclidean 2-norm. The centroid of £ is defined

asC, :LLI; ﬂ(t)|,8(t)|dt. The covariance of £ is de-
B
fined as2, :LLJ.; (BO-Cp)| ﬂ(t) | dt . The mean value
s

o . 1 . .
inside the curvesis M, = v ZI( p) where N is the pixel
pel’

number of set I', I' is the set containing all the pixels
inside of B. M,, and M, are the mean intensity of

particle candidates in the inspected image and the reference
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image, if M,,—M, >1,, then mean intensity changes
greatly.

Definition 1. Let P, be particle candidate set in inspected
image and P, particle candidate set in reference image,
and D, = C;-C, | where C; and C, are the centroids of

P, and P..If D, <4, ,the candidates are concentric.

1 wr =

Definition 2. N, is pixel number of I'; NI",, N, is pixel

N,
number of I"; UT',.. The degree of overlap D, = N—" . If the
u

degree of overlap of two candidates D, > 4;, two particle

candidates are overlap.

In the condition of overlap, there are two cases, the con-
tours of two candidates are intersected, one contour is fully
inside the other contour. The former can be detected by the
polygon intersection calculation algorithm. Polygon inter-
section calculation is implemented by enumerating the line
segment intersection. It clockwise queues the cross points
along the sides to make sure that the curve is closed. The
latter needs to test whether all the corner points of one
candidate are inside the other.

4 Particle classification

In the above content, we only describe how to extract the
particles. In fact, particles on optics include both dust and
defects. In this paper, we give a machine learning algorithm
to identify the dust and defects.

Dust particles on the optics surface tend to induce defects
after the high intensity light pass through the surface of
optics. Digs in defects are point-like in shape as dust par-
ticles. In addition, defects on optical surfaces are imper-
fections. They can also be formed from the manufacturing
process and remanufacture. Since digs and dust particles
are totally different matters, a method to discriminate digs
and dust particles on the optical surfaces is needed.

There are some differences [11] between digs and dust
particles in both electromagnetic scattering and generation.
The gray scale distribution of the image has respective
features. The dig is the trace produced by the abrasive
particle during grinding. Since the abrasive particles are
usually smooth and round in the process of precision
manufacture, the digs are usually regular in shape. On the
contrary, the forming reasons of dust are complex and
multiple, and the shapes of dust vary greatly.

At the start of the particle classification, feature extraction
is executed from the three aspects: histogram of gradient,
texture, and morphology. Histogram of Oriented Gradient
[12] is based on evaluating well-normalized local histo-
grams of image gradient orientations in a dense grid and
used for human detection. Here we use both histogram of
gradient of magnitude and orientation. Features related to
texture are constructed by Gray Level Co-occurrence Ma-
trix (GLCM) from image, we use Contrast, Correlation,
Energy (detail formula can be referred to [3]) to reflect
image smoothness and image information. Spatial

co-occurrence among features could increase the discrim-
inative power of features.

The morphological characters are represented by invariant
moment. Finally, there are 160 features for digs and dust
particle classification selected in total.

In the second step, since there are large differences existed
in the data scale of the features, normalization is employed.
If the input sample data have too many dimensions, no
matter what machine learning algorithms would cost con-
siderable training time, the learning process is more diffi-
cult relative to the low dimension case [13]. The curse of
dimension often occurs when the learning algorithm works
fine in low dimension but the problem becomes intractable
in high-dimension. Principal component analysis (PCA)
[14] is a technique used to emphasize variation and bring
out strong patterns in a dataset. It's often used to make data
easy to explore and visualize. Finally, Support Vector
Machine (SVM) [15] learning method is used for the
training and prediction process.

To obtain good classification results, some parameters in
SVM are optimized by cross validation. These parameters
include (1) C', the regularization parameter, determining
the trade-off between the training error and the smoothness,
and (2) y, the squared bandwidth of the Radial Basis

Function (RBF) kernel.
5 Experiment Result

The computer used in the experiment system is with a 2.66
GHz processor and 8 GB of memory. The line light sources
were 525mm long with blue light. The optics image was
acquired before and after the status of the optics was
changed (e.g. high flux laser pass, cleaning). For the pa-
rameter study, we used 30 optics images without particle as
the reference image and 5 optics images with various sizes
of particles. For the performance evaluation, we used an-
other 8 optics images. The size of the image is 6600x4400
pixels and each pixel has 8-bits gray-scale intensity. The
real inspection system is shown as Fig. 4.

5.1 Particle candidate detection

Due to the low-SNR nature of the optics image, we first
calculated the gradient of the image, and used it to boost the
edge detection of the particles. For each pixel, their imme-
diate surrounding areas' gradient was constructed as the
weight of the filter. Fig. 5a is the magnified part of the
original image. Fig. 5b shows the extracted particle can-
didates corresponding to the image area in Fig. 5a. Three
rows of the image in Fig. 5a and Fig. 5b are shown in Fig.
Sc. The three rows are labeled in Fig. 5a and Fig. 5b. 1-D
gray-scale distribution of the three rows demonstrates that
the algorithm can detect small signal change and reject the
considerable noise level. The parameters used of the algo-
rithm is set as 0 =5, g =0.03, &, =5, and Q is set as
5x5 window. In fact, the weak threshold ¢ was set the

same both for the reference image and inspected image.
The wrong detection would be eliminated by the subtrac-
tion algorithm.

2016 28th Chinese Control and Decision Conference (CCDC)



Fig. 4 Real inspection system. (a) The whole inspection system and the
inspected optics. (b)The vision system composition.

5.2 Particle determination

On the optics image, we generated various sizes of particles.

The diameter of the particle ranged from 1 to 19 pixels. The
number distribution over particle size obeyed the normal
E=N(A /6 A, =100

o) where

=50 and 0; is the size of particle. The minimum dis-

distribution as

tance 4, =5, minimum lightness variance A, =50, and

minimum degree of overlap A4, =

These parameters were used in the real optics image ex-
periment. Fig. 6 gives the comparison between the actual
particle number and the measured result of the real optics
image. It gave the particle number with the error less than
35%. Fig. 7 shows the optics image labeled with red circles
at actual particles’ positions.

5.3 Particle classification

The detected particle was manually divided into two sets as
the training data. To evaluate the performance of the clas-
sifier, cross verification was used to determine the optimal
parameters. PCA was performed on the normalized data.
The Pareto chart of the ten Principle Components (PCs) is
shown in Fig. 8. Clearly, the ten PCs explained much
higher variance contribution rate contrast to other PCs.
With the accumulative contribution rate of above 90%, the
ten PCs represented most information of the digs and dust
particles. The original dimension of the selected feature is
shown as Table. 1. Fig. 9 gives the result of SVM classifier
parameter optimization. When C =0.1 and y =107, the

classifier had best performance, then on the test dataset the
error was 5%. So the dust and defects could be distin-
guished by the SVM classifier.

6 Conclusion

Particle inspection in large aperture optics is a longstand-
ing problem due to several reasons. First, the required
inspected particle is too small compared to the inspection
area. Second, online inspection faces with some spatial
constraints which lead to difficulties to the particle inspec-
tion of the large aperture optics. Particle detection algo-
rithm preformed only on the inspected image cannot realize
accurately identifying the actual particle with the stain
contamination blended in the inspected image.
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Fig. 5 Particle candidate detection result. (a)Magnified part of original
optics image. (b)The extracted particle candidates. Three rows of
images in (a) and (b) are labeled with horizontal line, their gray
value is shown in (c).
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Fig. 6 Particle number counting errors.

We present a new particle inspection method. It demon-
strates a good ability of detecting particles on low contract
image of large aperture optics which is implemented by
several steps on the inspected image. The key of proposed
method is to detect all the candidates and then remove the
false particles by comparison with the reference image.
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Fig. 7 The optics image labeled with red circles at actual particles’
positions.
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Fig. 8 Pareto Chart of the ten top features.

Table. I Dimensions of the selected features.

HMG | HOG Contrast Correlation Energy | Moment

8 8 44 44 44 7

Area Solidity Orientation mean std Total

1 1 1 1 1 160
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