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Abstract—In this paper we consider the inspection of surface
flaws in large aperture optical element. A high efficiency and
precision instrument is proposed which contains two kinds of
imaging systems. One is dark-field imaging system (DFIS)
constructed by line scan camera with 10pm resolution. The other
is bright-field imaging system (BFIS) constructed by microscope
with 1pm resolution. Considering the small depth of field of DFIS,
an adaptive scanning method based on collimation laser and
several focusing points is proposed to keep the clarity of DFIS in
large scope scanning. After the scanning, an image mosaic
algorithm for the DFIS is presented based on SIFT features and
clustering algorithm. Then, the feature extraction algorithm of
flaws in DFIS and BFIS is designed. In order to check the flaws
more precisely, a location algorithm that can guide the BFIS to
inspect the same flaw in DFIS is introduced. Finally, the
calibration method of two imaging systems is studied.
Experiments show that the device can scan an optical element
with size of 810mmx460mm in less than 6min without complex
manual operation and the detection precision can reach 3pm
satisfying the requirement of practical need.

Index Terms—Large aperture optical element, Image Mosaic,
Defect detection, Dark-field imaging system, bright-field imaging
system.

I. INTRODUCTION

T present, precise optical elements are widely used in
high power laser systems[1-4], shortwave optics and low-
light level imaging and etc.[4-7] However, the flaws on the
surface of the optical element may cause damage to the
performance of the optical[4]. Different kinds of defects (such
as scratches, pitting and etc.) will result in different degrees of
laser scattering, energy absorption and diffraction patterns[8,
9].

The automatic inspection of surface imperfections of
precise optical elements is a durable problem expected to be
solved. Although, more and more scientists focus on the
defects detection of the optics and detection method [1, 5, 6,
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10-14], there are still many difficulties need to be solved. Such
as, how to detect some micro size defects within a large area,
the precise calibration method of dark-field bright, image
feature extraction algorithm in a complex background, the
lighting style and so on.

Nowadays, the majority methods used to detect the flaw are
based on the energy scattering of the flaws on the surface of
the optics [3, 4, 6, 13, 15-17]. These methods can evaluate the
flaws in some extent, but it is difficult to measure the flaws
precisely and hard to be calibrated. Some measurement scope
can also detect the flaws in detail, but it is not suitable for the
large optical element and has very complex data
processing[18]. The need of large aperture optical element
detection is fast and precise.

In order to track the true damage sites on the surface of an
optic, [17] used machine learning tools and data mining
techniques to identify and remove signals associated with
debris or reflections. [13] designed a rapid feature extraction
algorithm based on the combination of vertex chain code and
discrete green to improve the extraction speed. A defects
detecting method based on Local Area Signal Strength (LASS)
and 2-D histogram is theoretically and experimentally
proposed in [19]. [20] demonstrates that a machine-learning
algorithm can successfully predict the surface location of the
damage site using an expanded set of characteristics for each
damage site. A digital evaluation system of surface
imperfections is proposed in [16, 21, 22]. But this system has
to move the heavy optical element in X-Y and it takes 1~2
hours to inspect an optical element with size of 800mm X
400mm.

In this paper, a device is introduced which integrates two
kinds of imaging systems. In this way, we can use the
advantages of two vision system. As known to all, the dark-
field imaging system is difficult to be calibrated precisely
especially for small defects. In our device, we can used the



DFIS to scan the large aperture optical element within 6min to
get the distribution of the flaws with 10um resolution. Also,
we can measure the small flaws using the BFIS in a small
scope based on the DFIS image with 1pm resolution. In this
way, we can achieve effectiveness and precision at the same
time.

The reminder of this paper is organized as follows. Section
II introduces the mechanical structure of the equipment and
the pose adjustment strategy. In Section III, the image
processing and calibration methods of bright-field imaging
system are presented in detail. The imaging processing
algorithm of dark-field imaging system and calibration method
are also discussed in Section IV. Experiments are given to
verify the effectiveness of the algorithms in Section V. Finally,
the paper is concluded in Section VI.

II. INSTRUMENT STRUCTURE DESIGN
Y
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Fig.1 system structure

The main structure of equipment is shown in Fig.1 which
contains 3DOF movement axes. The world coordinate is
shown in Fig.l which is coincidence with the motion
coordinate. The horizontal motion axis moves along the X
direction, the vertical motion axis moves along the Y direction.
The line scan camera and CCD camera are armed at the focus
movement axis which moves along the Z direction. The line
scan camera with the linear light resource constructs the dark-
field imaging system with 8K resolution. The CCD camera
and microscope lens combined with coaxial light source
construct the bright-field imaging system. The optical element
clamp has two degree adjust mechanisms which are pitch and
yaw. With these angles adjustment design, the surface of the
optical element can be vertical to the optical axis of the two
cameras.

The depth of the field (DOF) for line scan camera and
microscope are Imm and 40um, separately. The size of the
optical element is with 810mmx460mm. To keep the clarity of
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the image for line scan camera, the optical axis of the camera
should be vertical to the surface of the optical element at first.
The function is realized by the optical element clamp using the
collimation laser. When the incident light coincides with
reflected light, it means that the optical axis of the camera is
vertical to the surface of the optical element. The optical axis
is paralleled to the collimation laser which are realized by the
mechanical installation and calibrated beforehand.

III. IMAGE PROCESSING OF BFIS

A. adaptive binarization algorithm

In this part, an effective binarization algorithm is designed.
First, the gradient of each image coordinate is computed by (1).
(u, v) is the image coordinate. /(u, v) is the grey value of the
pixel at (u, v). T(u, v) is the maximum gradient value between
horizontal and vertical directions.

T(u, v) = Max([I(u+1,v) = I(u— 1[I,y +1)—I(u,v=1)) (1)

Then, St denotes the sum of 7(i, j) in a small
neighbourhood with size M*N. Sy denoting the accumulation
of I(u, v) and T(u, v) is also obtained shown in (2). At last, the
threshold value of each pixel is computed by St, Sv and or
where s is an adjustment coefficient. Then the image is
binarized by (3) where Iy(u,v) is the grey value of the image
after binarization.
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IV. CALIBRATION

A. Calibration of bright-field imaging system

Firstly, the pixel equivalence is calibrated using a
calibration gauge. The least space of it is 10um. So, the pixel
equivalence is 0.85um/pixel.

A Nikon Measurement Microscope is employed to get the
true size of chosen flaws. As the Nikon Measurement
Microscope is calibrated beforehand, its measurement value
can be trusted as true value. 8 flaws are chosen and the
measurement values comparison between each other. It can be
seen that the two manners coincide with each well and the
maximum error is less than 3pm. As the resolution for DFIS is
10um it can be regard as true value.

B. Calibration of BFIS

Compared to DFIS, it’s much easier to get the actual size of
flaws in BFIS, just multiply image size by pixel equivalent.



This can be verified by making use of commercial measuring
microscope. A high-precision calibration board can be used to
compute the pixel equivalent. On the condition that, the
resolution of BFIS is nearly 10 times as much as that of DFIS.
The measurement value of flaws in BFIS is regard as true
value compared to that measured by DFIS.

V. IMAGE CAPTURE AND PROCESSING OF DFIS

The line camera is scanned by column. After the scanning,
the sub-images are stitched together to be constructed as a
whole image.

According to the principle of DFIS, the image features of
flaws are bright and the background is dark. However, the
contrast is not sufficient sometimes because of the incident
angle of light source and certain type of defects.
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Fig.2 sampled image points
In this section, a binarization algorithm is proposed based
on background sampling. First, a series of sampled points are
got shown in Fig.2. The sample interval is m row and n
column in image space.

1 noony
T, =— I(ni,mj)+
d nn, (;; ( y)+S, 4)
n, =Int(W/n),n, = Int(H /m)
where W and H are the image width and height respectively,
and I(x, y) is the gray value of the pixel in coordinates (X, y).

Ty is the threshold and &, is a adjust coefficient.

A. Calibration of DFIS

The principle of DIFS is introduced as follow. The lighting
system usually adopts side lighting way. If there is no flaw on
the surface, the background of image is dark. If there are
defections located on the surface of the optical element, the
object image will be bright on the image plane. However, the
relationship between image size and actual size is nonlinear
because of the nonlinear scattering effect, especially for small
flaws.

To make full advantage of the DFIS and BFIS in our
instrument, the flaws can be measured in section. When the
flaw size in DFIS is larger than certain value which can be
determined by experiment, the relationship between image
size and actual size can be fitted by polynomial fit method.
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Otherwise, it will be measured by the BFIS using the location
algorithm given in III. A 3-order polynomial is used as shown
in (5) to fit the relationship between image size and actual size
in DFIS.

L, =ax’ +ax’+ax +a, (%)

B. Chart of Flaw Distribution

The captured image data for a piece of large optical element
is huge and over 4G usually. The images even can’t be opened
in a 32 bit windows OS. However, it is necessary to record the
injury state of the optical element in each step, e.g. after the
installation, transfer, repairmen and so on. People want to
understand the state of the optical element qualitatively in a
simple way with fewer amounts of data.

On the other hand, the vast majority of flaws are very small
with respect to the entire optical element which means the
detected flaws marked on the original image size will be
difficult to be observed. At present, inspector marks the
substantial distribution of flaws on a A4 paper artificially.
This approach is not only inefficient but poor accuracy.
Therefore, it is necessary to generate a flaw distribution chart
that marks the number and the distribution of flaws in a small
image size based on the original detection result of out
instrument.

The process of generating chart of flaws distribution (CFD)
is based on the binarization method mentioned in section V.B.
The flaws’ contours in the dark-field images are detected
using the freeman chain code. Then, the information of flaws
can be obtained which include length, area, contour
coordinates and centroid coordinates. The length and area are
the most important features of selecting flaws which cared by
the inspector. The detected flaws in different size range can be
marked with different colors in CFD. In order to make the
entire distribution of damage in an appropriate proportion
display , the flaws are zoomed with the center of centroid
coordinates. The principle of enlarge flaws can be expressed
as (0).

M/Z}”XM—M +r. Xu
p 1 (p pc)

0 pc (6)
Vp =1 x(vp —vpc)+r0 vac

where (up, vp) is the pixel coordinates of the point P in a flaw
contour in the dark-field images. (upc, Vo) is the centroid
coordinates of the flaw contour which include point P in the
dark-field images. (u,,v,") is the corresponding pixel
coordinates of the point P in flaws distribution chart. ro is a
size scale between the flaws distribution chart and the entire
dark field image after switching. ; is the magnification of a
single flaw contour.

VI. EXPERIMENTS AND RESULTS

A. Experiment System

The practical instrument is shown in Fig.3 (a) which is



described in section II. The vision system of DFIS contains a
Dalsa line scan camera and a Schnelder lens with
magnification 0.82X shown in Fig.3 (b). The resolution of line
scan camera was 8192 pixel and the maximum of line
frequency was 68.6 KHz. The pixel equivalence of DFIS is
9.8um. The depth of field of Schnelder lens is £0.51mm and
the field of view is 70mm. The vision system of BFIS contain
a PointGrey CCD camera which equipped with a Navitar
zoom lens with magnification 0.47~ 4.5x shown in Fig.3 (b).
The capture speed of the camera can reach 15 frames per
second with image size of 1280%x960 in pixel. The pixel
equivalence of DFIS is 1um. The optical element clamp has
two degree adjust mechanisms which are pitch and yaw. The
distance of travel of 3DOF motors is 1000mm, 500mm and
50mm for X, Y and Z axis, respectively. The maximum size of
the optical element for inspecting is 810x460mm. The CPU of
the host computer is Intel Coretm2 DUO with frequency of
2.8GHz.

A navigation map is designed to see the HD image easily.
The functional part can manage the motion control, image
processing of DFIS and BFIS, etc. The detection results of
flaws are displayed in result output area line by line.

line scan camera
and lens

CCD camera and
lens

coaxial light
source

Fig.3 Practical device, (a) Practical device, (b) vision part.
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B. Image processing of DFIS and BFIS

T T
i A

(b
Fig.4 Flaws extraction result, (a) flaws in BFIS, (b) flaws in DFIS

The image processing result of BFIS is shown in Fig.4 (a).
It can be found that the background of the image is very
complex and the grey value of flaws can be dark or bright. The
red rectangle denotes the minimum enclosing rectangle of the
flaws in image plane. The extraction result of flaws of DFIS is
shown in Fig.4 (b). The flaws both in DFIS and DFIS can be
detected correctly.

C. Calibration of BFIS

A Nikon Measurement Microscope is employed to get the
true size of chosen flaws shown in Fig.5 (a). The according
image is shown in Fig.5 (b). As the Nikon Measurement
Microscope is calibrated beforehand, its measurement value
can be trusted as true value. 8 flaws are chosen and the
measurement values comparison between each other is shown
in Fig.6. It can be seen that the two manners coincide with
each well and the maximum error is less than 3um. As the
resolution for DFIS is 10um it can be regard as true value.

@ - (b)
Fig.5 Flaws image captured by BFIS and Nikon Measurement Microscope (a)
captured by Nikon Measurement Microscope, (b) captured by BFIS



calibration for BFIS BFIS calibration error
T T T T T T T T T

| —E— Nikon Measurement Microscope
A —e—sFis -

g 2

8

lenghen of flaws/um

8

(a) (b)

Fig.6 Calibration result for BFIS, (a) calibration result (b) calibration errors

D. Calibration of dark-field imaging system
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(b) Corresponding flaws in DFIS
Fig.7 images used to calibrate DFIS, (a) flaws in BFIS (b) flaws in DFIS

14 samples of flaws captured by DFIS are given in Fig.7 (a)
which sizes are bigger than 50pum. The corresponding flaw
images are given in Fig.7 (b). The size of these samples
measured by DFIS and BFIS are given in Table I. It can be
seen that more details of flaws can be found in BFIS compared
to DFIS. Because of the dark-field scattering effect, the image
size of flaws in DFIS is larger than actual size shown by Fig.8
(a).

Cubic polynomial is adopted to fit the relationship between
the image size in DFIS and the actual size measured by BFIS
mentioned in section V.A. The fitting parameters of Fig.7 (b)
are shown in (7) is the parameters for Fig.8 (b). Combination
Fig.8 (b) and Fig.8(c), we found that the fitting error is less
than 3um when the size of flaw is over 344.4um.

L, =-0.0001x" +0.0177x" +8.7061x' —20.7394 (7)
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Fig.8 calibration of big flaws in DFIS, (a) width of flaws measured by DFIS
and BFIS, (b) fitting result, (c) calibration error

TABLE I
WIDTH OF BIG FLAWS
Index Measured by DFIS/um Measured by BFIS/um
1 98.2 73.1
2 98.2 69.9
3 101.2 76
4 107.8 68.4
5 110.1 83.2
6 110.9 71.5
7 137.2 99.5
8 145.4 117.7
9 146.8 113.2
10 186.2 148.5
11 245.1 210.7
12 344.4 300
13 445.8 401.7
14 452.2 409




However, the fitting result can’t be satisfied when the size
of flaws is less than 50um because of the strong dark-field
scattering effect. According to these experimental results 4
important conclusions can be drawn as follows:

® The smaller the flaw size is, the stronger the dark-field
scattering effect is.

When the size of flaw is big enough, a good fitting
result can be derived.

For the smaller flaws, DFIS has bigger amplification
effect that is the advantage of DFIS. However, it’s
difficult to get the actual size by just fitting method.
An intelligent solution to measure small size of flaws
is making good use of BFIS combination with location
algorithm based on DFIS.

VIL

In this paper, a novelty instrument for large aperture optical
element is presented. The device has good adaptation,
precision and real-time performance. Without complex manual
operation, the device can scan the optical element
automatically based on the collimator laser and several
focusing points within 6 min. Using the location method based
on DFIS image, the BFIS can scan the flaw automatically and
more precisely. The calibration results can be used to measure
the bigger flaws whose size is over 344 um in DFIS with
fitting of polynomial. The adaptive binarization method of
DFIS and BFIS is also introduced. A chart of flaw distribution
is generated by the system to give an overall description of the
flaws for the optical element. Experiments show that the
instrument can meet the needs of efficiency, adaption and
precision of inspection for large aperture optical elements.

CONCLUSION
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