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Abstract

configuration.

order ring are calculated.

can keep the degree of less than 0.5 pixels.

in-situ use.

Background: Newton’s ring method is often used to measure many physical parameters. And some measured
physical quantity can be extracted by calculating the radius parameter of circular fringes from Newton's ring

Methods: The paper presents a new measuring method for radius of circular fringes, which includes three main
steps, i.e, determination of center coordinates of circular fringes, polar coordinates transformation of circular fringes,
and gray projection of the transformed result which along the horizontal direction. Then the radius values of each

Results: The simulated results indicate that the measuring accuracy of the radius under the effect of random noise

Conclusions: The proposed method can obtain the radius data of each order closed circular fringes. Also, it has
several other advantages, including ability of good anti-noise, sub-pixel accuracy and high reliability, and easy to

Keywords: Newton'’s ring, Polar coordinates transform, Fringes pattern, Gray projection

Background

The parameter estimation of interference fringe patterns
has been widely used in optical metrology, including
holographic interferometry, electronic speckle pattern
interferometry (ESPI) and fringe projection. Such optical
techniques have been applied to measure physical pa-
rameters such as curvature radius, displacement, strain,
surface profile and refractive index. The information re-
garding the measured physical quantity is stored in the
radius parameter of the captured fringe pattern [1].
Some optical fringes, i.e., elementary fringes that have
great importance in optical measurement (e.g., Newton’s
rings fringe patterns), have a quadratic (i.e, second-
order polynomial) phase. Therefore, the fringes pattern
is unequispaced fringe.

In general, Newton’s rings method is used to measure
physical parameters such as film thickness [2, 3], stain
[4], and curvature radius [5] as well. In some application,
phase demodulation needed to be done in Newton’s ring
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interference configuration. And the Fringe Center
Method (FCM) [6, 7] or the Fourier transform [8, 9] are
still an important inspection method to extract the char-
acter information of the fringes pattern. However, for ex-
ample, the FCM Manual intervention is introduced to
link the processes, such as the fringe patching and the
assignment of the fringe orders.

In the measurement of curvature radius based of
Newton’ ring configuration, the radius of fringes is a key
parameter and should be accurately obtained from
fringes pattern. In the traditional method, the radius of
the fringes is measured by observing the microscope and
the scale with the eye. The disadvantage of the method
is obvious, i.e., the visual field of microscope is small
and hence make the fringe center difficult to observe.
Additionally, scale is easy to misread due to the fatigue
of human eye. Also, parameters of circular fringes can
be retrieved with the Fourier transform via the estima-
tion of the phase and its derivatives [9]. However, the
required iterative procedure is a time-consuming ap-
proach. And it is error-prone because the procedure re-
quires phase unwrapping and numerical differentiation
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operations [10]. The least squares method [11] is also
developed to analyzed the circular fringes and estimate
the parameter of optical fringes. However, it requires ini-
tial approximations for the fringe parameters to be
determined.

With the development of digital image processing
technology, it has been applied to the fields requiring
non-contact, high speed, automatic processing and large
dynamic range [12, 13]. It is especially suitable for the
occasion that the traditional method is difficult to be ap-
plied. At present, the image processing technique used
in analyzing the circular fringes includes several repro-
cessing steps, such as noise removal, fringe thinning,
fringe patching, assignment of the fringe orders and so
on [14-16]. For the Hough transform [17, 18] used to
determine the parameters and the orders of circular
fringes, the computational mount is heavy and the effi-
ciency is low.

Especially aiming at the measurement of radius of
plate-convex lens based on the Newton’s ring configur-
ation, the paper propose a new analyzing method of the
ring fringes to improve automatic processing technique.
Through transforming circular fringes to straight fringes
with polar coordinates transform, the method carries
out the measurement of radius of each order circular
fringes. The principle of polar coordinates transform and
the processing algorithm of Newton’s ring interference
pattern are introduced in the paper. Moreover, the ac-
curacy of the method is analyzed and the experiment are
done.

Methods

Principle of polar coordinate transform

The task of polar coordinate transform is that an image
under the Cartesian coordinate (x - y) space is trans-
formed to another image under polar coordinate (¢b- r)
space. The expression of polar coordinate transform is
expressed as [19]
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Fig. 1 Schematic diagram of polar coordinate transform: (a)
Cartesian coordinate space, (b) polar coordinate space
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The schematic diagram of polar coordinate transform
is shown in Fig. 1.

In polar coordinate space, the meaning of r describes
the distance of a point (x,y) to the origin position in
Cartesian coordinate space, and ¢ discribes the angle of
vector and its range is from 0 to 359°. Due to the origin
symmetric of polar coordinate transform, the transform
needs to be carried out in the range of 0° to 179°.

According to Eq. (1) and Fig. 1, one point under the
Cartesian coordinate space corresponds uniquely to one
point under the polar coordinate space. One circle in
the Cartesian coordinate space whose center coincides
with the origin, will corresponds to one line along ¢-axis
in the polar coordinate space, and the radius of the cir-
cle corresponds to the distance of this line to the origin
in polar coordinate space.

Determination of center of circular fringes

Newton’s ring interference fringes is composed of alter-
nating light and dark stripes, and light and dark area are
clear, as shown in Fig. 2(a). Through using the Otsu
method [20] the fringes image is processed with thresh-
old segmentation, and so a binary image B(x, y) can be
obtained from the fringes image f(x, y) according to the
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Fig. 2 Calculation of center ordinates of circular fringes: (a)
Newton’s ring fringes image, (b) binary image, (c) the first order ring,
(d) circular region and center position
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projection of Fig. 3(a)

Fig. 3 Polar coordinates transform result and its horizontal gray projection: (a) Polar coordinates transform result of Fig. 2(a), (b) horizontal gray

v (b)

1.f(x, T
Blxy)={ 00T, (2)

Here, assumed that light fringes are regarded as the
target and the radius of light fringes will be calculated,
and T is threshold value. The binary image of Fig. 2(a) is
shown in Fig. 2(b).

Through using the connected component labeling al-
gorithm [18] the first order ring from the binary image
can be extracted, which is shown in Fig. 2(c). Then, the
circular region is filled by the morphological operation,
which is shown in Fig. 2(d). Furthermore, the edges of
the target region is smoothed by using the opening oper-
ation, then the gravity ordinates (xc, yc) of circular re-
gion (i.e., the region with white gray-scale pixels) can be
calculated according the following equation,

Fig. 4 Newton's ring fringes pattern added Gaussian noise with
standard deviation of 0.2

xc:Iin
; (3)
5

where, n is the number of the white pixels as shown in
Fig. 2(d). Also, the center of circular fringes is marked in
Fig. 2(d).

S 3

Calculation of circular fringes radius

Based on the calculated center the circular fringes are
transformed to the polar coordinate space with polar co-
ordinates transform method introduced in Section 2.
Therefore, the circular fringes can be transformed to
straight fringes. The transformed result of the original
image as shown in Fig. 2(a) is shown in Fig. 3(a) and
expressed as p(r, ).

To calculate the radius of each order ring and elimin-
ate immensely the effect of random noise, the straight
fringes as shown in Fig. 3(a) is implemented the hori-
zontal gray projection according to the following
equation,

Ro(r) = / p(r, )do. ()

The projection curve of Fig. 3(a) is shown in Fig. 3(b).
In the case, the r coordinate value corresponding to each
peak position in the projection curve denotes the radius
value of each order ring, and hence the method can
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Fig. 5 Center error of the Newton's ring fringes added

different noises
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Fig. 6 Radius errors of the Newton’s ring fringes added
different noises

\

calculate respectively the radius parameter of each order
ring from circular fringes.

Results

Center positioning accuracy from noise

The center of circular fringes is one of important param-
eters to circular fringes, and the center positioning ac-
curacy is affected mainly by the noise. Therefore, it is
necessary to analyze the effect of noise on the center po-
sitioning accuracy.

Simulated fringes pattern with noise is used to show
the effectiveness of the proposed approach as shown in
Fig. 4 for an image size of 255 x 255 pixels. The center
of the simulated image is (128, 128). To investigate the
effect of random noise on the center positioning, 11
frames of Newton’s ring interference fringes containing
four closed rings are generated by numerical method,
which added to an independent Gaussian white noise
with a mean value of zero and standard deviation vary-
ing from 0 to 0.2. The standard deviation of added noise
in Fig. 4 is equal to 0.2.

The center coordinates of each frame of images are
calculated by the proposed method introduced in
Section 3.1, and the difference between the calculated
center and the given center is obtained. The maximum
value of the transverse and longitudinal coordinate error
is seen as the error of center positioning for each image.
The error curve of center positioning is shown in Fig. 5.
It can be found from Fig. 5 that the positioning error
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under the effect of random noise is not larger than
0.5 pixels with the proposed method.

Measuring accuracy of radius

Similarly, we generate 11 frames of Newton’s ring inter-
ference fringe patterns, which contain four closed rings,
and the size of simulated image is 255 x 255 pixels. Then
different Gaussian noise with the standard deviation
varying from O to 0.2 is respectively added to images.
For each frame of fringes patterns, the radius values are
calculated with the polar coordinates transform
algorithm.

According to the horizontal projection curve, the ra-
dius of any order closed ring can be obtained. For simple
analysis the radius error of the third order ring is seen
as the radius measuring error. It can be obtained accord-
ing to the difference between the measured value and
the ideal value of radius. The radius errors of every
frame of interference fringes with different random
noises are shown in Fig. 6, and the measuring accuracy
of the radius can also keep the degree of less than
0.5 pixels.

Experimental result

To illustrate the performance of the proposed method,
this method is applied to an experimental fringes pat-
tern. The Newton’s ring experimental setup for record-
ing circular interference fringes is shown in Fig. 7. The
He-Ne laser with output wavelength of 632.8 nm is used
as experimental light source, and lenses L1 and L2 and
spatial filter are used as laser beam expander and colli-
mation. The beam splitter is used to adjust the energy of
the reference beam and the object beam. By moving a
controlled shifting stage M driving by the computer, we
can record different phase-shifting interferograms. The
aperture Al and A2 are used respectively to control the
diameter of laser beam and to filter stray light. The 8-bit
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Fig. 7 Newton’s ring experimental setup. L1-L4, Lens; A1 and A2, aperture
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Fig. 8 An experimental interferogram (a) and the processed results
of center position and calculated circles (b)

Basler CCD camera with pixel size of 4.4 pm x 4.4 um is
used to capture the interferograms.

The acquired experimental interferogram with the
image size of 454 x 455 pixels is shown in Fig. 8(a). The
center position and the circular fringes from 1th to 9th
order as efficient closed-ring are calculated by the pro-
posed method and are plotted in Fig. 8(b). The calcu-
lated radius values of each order fringes are shown in
Table 1.

According to the measured results, the curvature
radius of the lens may be calculated,

2 2
Tmtj” —Tn+j

R="mt In 5

(m-n)A ’ (%)

where, A is the wavelength of the incident light, 7,, and
r, are the radius of the mth and nth order bright fringes,
respectively. If the curvature radius of the lens is known,
the wavelength of the incident light can be calculated
based on this method and optical setup, and the equa-
tion is expressed as

2 2
Tm+j” —Tn+j
A=—2 "7 6
(m-n)R (6)
Conclusions

The paper proposes a method to analyze the Newton’s
ring interference fringes. With this method the radius of
circular fringes can be determined, and the radius par-
ameter of each order fringes can be obtained. Results of
simulation and experiment show that this method hold
performance of anti-noise, sub-pixel accuracy and high

Table 1 Calculated radius values of the experimental
interferogram

Fringes 1th 2th 3th  4th  5th  6th  7th  8th 9th
number

Radius/ 655 965 1198 1395 1565 1718 1858 1988 2115
pixel
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reliability, and it is convenient to use in in-situ measure-
ment of curvature radius of plate-convex lens. In the
practical measurement, we generally use a monochro-
matic laser output as the incident light. As long as the
two order fringes to be measured can be captured by the
CCD pixels in the case of fulfilling the sampling the-
orem, the method is efficient and its measuring accuracy
can be ensured. If the incoming light with certain spec-
tral width incidents the Newton’s ring configuration, the
fringes pattern will show a fall-off of contrast along with
increasing the spectral width of the radiation, especially
for the more order fringes. In the case, the analysis of
this fringe pattern is difficult to many popular methods,
but even so the proposed method can still extract its
center position and measure the radius values while
those order fringes are clear to distinguish and fulfill the
sampling theorem. We still believe that the technique
provide a new way of image processing in precision
measurement and fine interferometry, especially in the
analysis of circular fringes pattern.
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