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In this paper, an automatic optical inspection system is designed specifically to measure the diameter
and lens sag of large-size microlenses: 1. The proposed algorithm of measuring lens diameter locates the
lens center through the Euclidean distance array, and determines the lens edge along an initiated ray
using linear interpolation with sub-pixel accuracy. 2. The lens sag is calculated from a single fringe
pattern of large-size microlens, in combination with the measured lens diameter. 3. According to the
experiment results, the proposed system has advantages of high applicability, rapid processing speed,
and good accuracy with the RMS error≤1% of measuring a large-size microlens, but without the
requirement of prior training. The system architecture of non-contact measurement would not cause
scratches on the lens surface and is inexpensive, thus, which is particularly suitable for the in-line
inspection of industry field.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Due to increasingly advanced semiconductor manufacturing
technology, microlens molds can be produced by electroforming
and became easy to be reproduced. However, poor mold manu-
facturing and non-uniform thermal expansion and contraction will
cause defects in the microlens. Hence, an automatic optical
inspection (AOI) system for measuring the diameter and les sag
of a large-size microlens is developed in this study. The current
methods to measure the size of microlens can be divided into
contact measurement and non-contact measurement. The contact
measurement is carried by scanning electron microscope (SEM),
atomic force microscope (AFM), and stylus profiler [1–3], which
are very expensive, tend to cause scratches on the surface of the
microlens, and have low measurement speed. Hence, the non-
contact measurement method is adopted in this study.

When lens sag is similarly equal to the wavelength of the light
source, the interference fringes of the microlens are sparsely
distributed and can be clearly observed; therefore, the surface
profile of a microlens can be accurately measured through inter-
ferometry [4–7]. A 3D profile of such microlens can be recon-
structed using the grating projection techniques [8–10] or Fast
Fourier Transform methods [11,12]. However, when lens sag is far
greater than the wavelength of the light source, only a few central
circular fringes of the microlens are clearly distributed, and the
ll rights reserved.
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surrounding fringes are blurred and difficult to identify due to very
high distribution density. Thus, the above method is not suitable
for measuring the lens sag of large-size microlenses. Yang et al.
[13] calculated the microlens center using the center of area
method (COA), then calculated the microlens sag according to
the desired diameter. However, the actual diameter is not mea-
sured, thus errors existed in the obtained lens sag.

As the lens sag is much larger than the light wavelength,
a fuzzy area often arises at the circular edge of large-size microlens,
which is due to the low contrast, and the edge points of microlens is
unable to be accurately determined. Although there have been
many edge detectors proposed [14,15], but they cannot be applied
to obtain good results for the circular edge of microlenses. In other
words, the diameter of the microlens cannot be directly calculated.
The fuzzy theory is also often used for edge analysis [16,17]. Lin
et al. [18] determined the edge location of a microlens using fuzzy
ratio analysis in order to measure the diameter of the microlens, but
the results were easily affected by noise in the image.

To improve the above drawbacks, an innovative method, which
combines with the concept of sub-pixel [19,20], is proposed
specifically for measuring the diameter of a large-size microlens.
Moreover, a second method is designed based on the adaptive
neuro-fussy inference system (ANFIS) [21] to verify the superiority
and practicality of the proposed sub-pixel algorithm. For measur-
ing the lens sag of a large-size microlens, a mathematical model
for rapid estimation of lens sag is also established, and the
calculated diameter can be used to determine the microlens sag.
By integrating the algorithms for diameter and sag measurement,
the proposed AOI system is established with the advantage of fast
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measurement and is particularly suitable for the large-size micro-
lens inspection of industry field.
2. Methods of lens sag and diameter measurement
of large-size microlenses

In order to highlight the edge contour of large-size microlenses,
a backlight module is used as the light source in this study, as
shown in Fig. 1. The sharpness of the circular edge of a microlens is
far lower than that of the straight edge; thus, a series of image
processing algorithms are proposed to solve this problem. The
detailed process is described in the following sections.
2.1. Positioning of microlens center

To measure the diameter, the coordinates of microlens center
are calculated first. As dust and other foreign matters may attach
to microlens samples, or due to processing defects, the image of a
microlens contains noise. The edge contour of the microlens will
then be broken and incomplete after binaryzation and filtering
operations. In order to solve this problem, a max inscribed circle of
the binary image of a microlens is found, and the center of this
circle is approximate to the microlens center, which can avoid
noise interference.

Assuming the captured image is an n�m image, and the black
pixels of binaryzation are defined as the basis points. There are a
total of r basis points, and the n�m Euclidean distance matrix D
microlens

The circular edge
of microlens

Fig. 1. Image of microlens edge.

Fig. 2. Result of the maximum inscribed circle and microlens center positioning. (a) R
can be defined as follows:

D¼

d11 d12 ⋯ d1ðn−1Þ d1n
d21 d22 ⋯ d2ðn−1Þ d2n
⋮ ⋮ ⋱ ⋮
dðm−1Þ1 dðm−1Þ2 ⋯ dðm−1Þðn−1Þ dðm−1Þn
dm1 dm2 ⋯ dmðn−1Þ dmn

2
6666664

3
7777775

ð1Þ

dij ¼min
r

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðj−xbkÞ2 þ ði−ybkÞ2

q
Þ; i¼ 1;2;…;m; j¼ 1;2;…;n; k¼ 1;2;…; r

ð2Þ
where, dij is the element in ith row and jth column of Euclidean
distance array D, and shows the distance from pixel (j,i) to the
nearest basis point(xbk,ybk).

The value of each element in matrix D is calculated by Eq. (2).
After the Euclidian distance matrix is obtained according to the
binaryzation result, the position of the maximum value in the
matrix is the center of the max inscribed circle of the binary
image, which can be considered as the microlens center, and the
maximum value is the radius of the max inscribed circle. The value
of each element in the matrix is normalized from 0 to 255, and the
red point represents the positioning result of microlens center C,
as shown in Fig. 2.

2.2. Lens diameter measurement using the concept of a sub-pixel

An initiated ray is made along the edge direction of a microlens
with center coordinate C(xc,yc) as the starting point, and is rotated
each time by fixed angle θ for 3601 scanning. P(xp,yp) is any point
on the initiated ray, as shown in Fig. 3(a), and its coordinate can be
expressed as [6]

xp ¼ xc þ Δl

yp ¼ yc þ Δl� tan θ

(
ð3Þ

where, Δl40 and θ∈[01, 3601).
Consider that any point P(xp,yp) on the initiated ray must be

adjacent to two other pixels, as shown in Fig. 3(b), thus, the
gradient Gp of P(xp,yp) is defined as

Gp ¼maxðG1;G2Þ ð4Þ
where, G1 and G2 are the gradient of P(xp,yp) and two adjacent
pixels, respectively.

According to Eq. (4), the gradients of all pixels on the initiated
ray can be calculated. Two points with the maximum gradient are
found on this initiated ray, and one of the two points, with a low
gray value, is defined as the “initial edge point”. For filtering out
the improper results of searching the initial edge points, the
distance xdi from each initial edge point to the microlens center
is respectively calculated, and then sequenced in an ascending
esult of Euclidean distance matrix and (b) Result of microlens center positioning.



Fig. 3. There is an initial edge point on every initiated ray. (a) An initiated ray at fixed angle θ and (b) The definition of gradient in this paper.

Initial edge points
Range of searching
the real edge points

Fig. 4. Range of searching the actual edge points, as decided by the initial edge points. (a) Result of searching initial edge points and (b) Range of searching the real edge
points.
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order, so as to obtain the median distance xd−median. Reasonable
initial edge points must meet the following conditions

xd−median−Δtoxdioxd−median þ Δt; i¼ 1;2;…;360 ð5Þ

where, xdi is the distance from the initial edge point on the ith
initiated ray to the microlens center, and Δt is a threshold value (a
positive integer).

Hence, points that do not conform to Eq. (5) should be
eliminated. The filtering results of the initial edge points is shown
in Fig. 4(a), and the blue points are the initial edge points and the
red point is the microlens center.

The initial edge points in Fig. 4(a) have the characteristics of
high gradients; however, the image contains many noises, thus,
these initial edge points may not be the actual edge points of the
microlens. Selecting any two initial edge points in Fig. 4(a), which
are respectively located on the initiated ray at angle θ and angle (θ
+1801) (Fig. 3(a)); extend u pixels inward and outward along the
initiated ray with the two initial edge points as the center,
respectively; regard the (2u+1) pixels as the range for searching
the actual edge points, as shown in Fig. 4(b). The Laplacian of
Gaussian operation (LoG) [22] is applied to the (2u+1) pixels, and
the Gaussian filtering is carried out first

f gausssian ¼ f ðx; yÞg′ðx; yÞ ð6Þ

g′ðx; yÞ ¼ e−ððx
2þy2Þ=2s2Þ

where, fgausssian is the filtering result, f(x,y) is the gray value of
input pixel, s is the standard deviation, and g′(x,y) is the Gaussian
filter.

The second derivative of each pixel is then calculated

f LoG ¼∇2f gausssian

¼ ½∇2g0ðx; yÞ�f ðx; yÞ ð7Þ
∇2g′ðx; yÞ ¼ 1
πs4

x2 þ y2

2s4
−1

� �
e−ððx

2þy2Þ=2s2Þ

where, fLoG is the second derivative of pixel f(x,y), s is the standard
deviation, and ∇2g’′(x,y)is the LoG operator.

The computing result of Eq. (7) can be approximated by the
following mask operation

MLoG ¼

0 0 −1 0 0
0 −1 −2 −1 0
−1 −2 16 −2 −1
0 −1 −2 −1 0
0 0 −1 0 0

2
6666664

3
7777775

ð8Þ

Let u¼10, the results of the mask operation (Eq. (8)) of the two
ranges (42 pixels) in Fig. 4(b) are sequenced in the direction from
the inside of the lens to the lens edge, as shown in Fig. 5.

The edge points of the microlens must be located at the zero
crossing of the second derivative. Taking the LoG result of right
edge in Fig. 5 as an example: find the maximum and minimum
values of the second derivative in the search range, let the extreme
coordinate closer to microlens center C be (x2,y2,z2) and another
extreme coordinate be(x1,y1,z1), and then redraw the coordinates
in the three-dimensional coordinate system, as shown in Fig. 6.
According to the principle of linear interpolation, coordinate E(xe,
ye) of the microlens edge points on the initiated ray at angle θ can
be expressed as

xe ¼ x2 þ sgn cos θ½ �jx1−x2j jz2 j
jz1−z2j

ye ¼ y2−sgn sin θ½ �jy1−y2j jz2j
jz1−z2 j

8<
: ð9Þ



Fig. 5. Results of LoG operation of the two ranges in Fig. 4(b).
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Initiated ray
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Fig. 6. Calculation of the actual edge point by the sub-pixel technique.
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sgn½f � ¼
1; iff 40
0; iff ¼ 0
−1; iff o0

8><
>:

where, f is a real number, and θ∈[01, 3601).
Similarly, coordinate E′(x′e,y′e)of another edge point on the

initiated ray at angle (θ+1801) can be obtained. The diameter hD
of the microlens can be expressed as

hD ¼ Δs�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxe−x0eÞ2 þ ðye−y0eÞ2

q
ð10Þ

where, Δs is the actual length of a pixel in the image.
The measurement of diameter only requires the LoG operation

of (2u+1) pixels, thus, the computation is greatly simplified, and
complex computation of the traditional LoG method is effectively
improved.

2.3. Lens diameter measurement using ANFIS model

The ANFIS architecture proposed by Jang [21] is adopted as the
second method to measure microlens diameter. The gradient of an
image is selected as the input of ANFIS. However, in order to avoid
being influenced by image noise, the gray value of the image is
used in as another input of ANFIS. The performance of the ANFIS
model depends on whether the training data is correctly selected.
Therefore, the microlens edge points are selected manually, and
these points are known as the optimal edge points. The subopti-
mal edge point and the worst edge point can be further selected
on the line connecting each optimal edge point and lens center, as
shown in Fig. 7(a). Three hundred groups of optimal edge points,
suboptimal edge points, and worst edge points, are selected from
one image as the training data of ANFIS, as shown in Fig. 7(b).

The gradients of the optimal edge point set, suboptimal edge
point set, and worst edge point set can all be calculated using Eq.
(4), and their gray values can be simultaneously recorded. These
two inputs correspond to a score between 1 and −1 as the output
of ANFIS. A higher score indicates that the point is more likely to
be the actual edge point. In this study, the weight ratio of the
gradient to the gray value is set as 2:1. When the gradient is
higher, and the gray value is closer to the average value, the score
should be higher. Thus, the score of the optimal edge point can be
defined as

ScoreBi ¼ 0:34þ 0:44� Gi

GBmax

� �
þ 0:22� ð1− jf i−f Bavgj

jΔfmaxj
Þ

� �
;

i¼ 1;2;…;n ð11Þ
where, GBmax is the maximum gradient among the optimal edge
points, Gi is the gradient of the measured point, fi is the gray value
of the measured point, fBavg is the average gray value of the
optimal edge points, Δfmax¼max

n
ðf i−f BavgÞ, and n is the total

number of optimal edge points.
The score of the suboptimal edge point can be defined as

ScoreMi ¼ −0:34þ 0:45� Gi

GMmax
þ 0:23� 1−

jf i−f Mavgj
jΔfmaxj

� �� �
;

i¼ 1;2;…;n ð12Þ
where, GMmax is the maximum gradient among the suboptimal
edge points, fMavg is the average gray value of the suboptimal edge
points, Δfmax¼max

n
ðf i−f MavgÞ, and n is the total number of sub-

optimal edge points.
The score of the worst edge point can be defined as

ScoreSi ¼−1þ 0:44� Gi

GSmax
þ 0:22� 1−

jf i−f Savgj
jΔfmaxj

� �� �
;

i¼ 1;2;…;n ð13Þ
where, GSmax is the maximum gradient among the worst edge
points, fSavg is the average gray value of the worst edge points,
Δfmax¼max

n
ðf i−f SavgÞ, and n is the total number of worst edge

points.
The gradients, gray values, and the corresponding scores of

optimal, suboptimal, and worst training data are respectively input
into MATLAB for training. The input partition is set as three, and
the membership function is set as the bell distribution. The results
are shown in Fig. 8(a). The obtained relation surface of inputs and
outputs after training is shown in Fig. 8(b). The points with the
highest scores on both ends of the initiated ray are the actual edge
points, and the diameter of the microlens can be calculated using
Eq. (10).

2.4. Lens sag measurement

The object measured in this study is a large-size microlens, and
only a few central interference fringes can be observed. As the
surrounding fringes are too densely distributed, they are blurred
and difficult to identify in the image, as shown in Fig. 9. By
modifying the method proposed in literature [13], a simpler result
is obtained, which can quickly and accurately estimate lens sag, in
combination with the microlens diameter measured in Section 2.2.
Considering the principle of the Fizeau Interferometer, given that

hS ¼
hR

2

2R
ð14Þ



CC (xc, yc)

Optimal edge point

Worst edge point

5 pixels

15 pixels

Suboptimal edge point

C

Fig. 7. Sampling method and results of training data. (a) Sampling method of training data and (b) Sampling result of training data.

Fig. 8. Training results of ANFIS. (a) The obtained FIS structure after training and (b) Relation surface of inputs and outputs.

Fig. 9. Image of interference fringes in a large-size microlens.
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where, R is the radius of microlens curvature, hR is the microlens
radius, hR ¼ hD=2 and hS is the lens sag.

Assuming that the central fringes are dark fringes (m¼0), and
the observed outermost fringe is the mth dark fringe. Then the air
wedge of themth dark fringe is hSðmÞ ¼mλ=2, λ is the wavelength of
the light source, and thus yielding R¼ dm
2=mλ. The lens sag hS can

be calculated by substituting the value of R into Eq. (14)

hS ¼
hR

2mλ

2dm
2 ¼ hD

2mλ

8dm
2 ð15Þ

According to Eq. (15), if the central fringe is a bright fringe, then
the above process is changed to measure the distance from the
lens center to the mth bright fringe, and the lens sag can still be
calculated using Eq. (15), which does not affect the correctness of
this algorithm.
3. Experimental results and discussion

3.1. Framework of the proposed AOI system

The experimental framework of proposed AOI system can be
divided into two parts: in the first part, the microlens diameter is
measured, and the equipments include CCD camera, objective lens
set, and backlight module. The backlight module is used as the
light source, which can highlight the edge features of a microlens,
as shown in Fig. 10. In the second part, the lens sag is measured by
using a diode laser as the light source, which transmits the light
source into the microscope set with a fiber bundle and irradiates
on the microlens surface through the coaxial light. The optical
flat is placed on the microlens sample to form the Fizeau



Fig. 10. System setup of the proposed AOI system.

Fig. 11. Backlight images and interference images of three microlens samples. (a) Sample A with the diameter of 3648μm and sag of 75μm, (b) Sample B with the diameter of
3770μm and sag of 92μm and (c) Sample C with the diameter of 110μm and sag of 1μm.
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interferometer for observing the interference image of the micro-
lens. In order to improve the phenomenon of a non-uniform light
field, an objective lens is used at the light source to expand the
laser beam. A rotating diffuser [6] is installed for eliminating
the laser speckles and improving the image quality. The overall
architecture is as shown in Fig. 10.



Fig. 12. Diameter measurement result of sample A by ET-3000.

Table 1
Comparison of diameter measurement results for sample A by the three methods.

Inspection method Average
diameter (μm)

Actual diameter
by ET3000 (μm)

RMSE
(μm)

Proposed method 3646.68
3647.52

7.72
Fuzzy [18] 3649.59 15.11
ANFIS 3650.42 10.31

Table 2
Comparison of lens sag measurement results for sample A by the three methods.

Diameter data Average
lens sag (μm)

Actual lens sag
by ET3000 (μm)

RMSE
(μm)

Proposed method 74.54
74.57

0.32
Fuzzy [18] 74.66 0.61
ANFIS 74.69 0.42
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The image resolution of the inspection system is 640�480. The
system is supported with a 1–20X adjustable objective lens, a
Manual Zoom lens and a 2X Adapter, where the actual length
corresponding to a pixel can reach the micron level, thus, it can be
applicable to the inspection of a large-size microlens.

In this study, three microlenses with different specifications are
measured. The Surfcorder ET3000 (by KOSAKA Company) is
employed to measure the above samples as a reference, and the
diameter is measured by ET-3000 in the same direction as for all
techniques. This instrument is a contact measurement device,
which achieves point-to-point measurement of the object surface
using a sharp probe with very high measurement precision.
However, the probe may scratch the object surface, the instrument
is very expensive, and the measurement speed is slow. Thus, this
instrument is not suitable for in-line inspection. Therefore, the
measurement results of ET-3000 are regarded as the actual
specification value of the microlenses.

3.2. Measurement results of lens diameter and lens sag

The ANFIS model in Section 2.3 and the method proposed in
literature [18] (Note: see the Appendix for the calculation process)
are compared with the measurement results of the proposed sub-
pixel algorithm. Since the ANFIS model and the method in
literature [18] require much time to relearn the parameters of
the different images, these methods are not suitable for the real



Fig. 13. Diameter measurement result of sample B by ET-3000.

Table 3
Comparison of diameter measurement results for sample B by the three methods.

Inspection
method

Average diameter
(μm)

Actual diameter by ET3000
(μm)

RMSE
(μm)

Proposed
method

3769.39

3769.92

13.67

Fuzzy [18] 3775.12 19.34
ANFIS 3771.49 14.00

Table 4
Comparison of lens sag measurement results for sample B by the three methods.

Diameter data Average lens
sag (μm)

Actual lens sag
by ET3000 (μm)

RMSE (μm)

Proposed method 92.15
92.18

0.67
Fuzzy [18] 92.43 0.95
ANFIS 92.25 0.69
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time inspection. The results of these methods serve the purpose
of validating the robustness and practicability of the method
described in Section 2.2.

The measured microlens samples can be divided into two
groups according to their lens sag.
3.2.1. Measurement of microlenses with large lens sag
The diameters of microlens sample A and B are 3648 μm and

3770 μm, and their lens sags are 75 μm and 92 μm, which are far
greater than the wavelength of light source. The backlight image
and interference image are shown as Fig. 11(a) and (b).
Fifty diameters of sample A are measured, and Fig. 12 shows
the diameter measurement result of sample A by ET-3000. The
average diameter of the three methods is calculated respectively,
and the Root Mean Square error (RMS error) of the three methods
is also calculated:

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN1−TÞ2 þ ðN2−TÞ2 þ :::þ ðNnrmse−TÞ2

nrmse

s
ð16Þ

where, Ni is the ith measurement result, T is the actual diameter,
and nrmse is the data number and is equal to 50 in this paper.



Fig. 14. Diameter measurement result of sample C by ET-3000.

Table 5
Comparison of diameter measurement results for sample C by the two methods.

Inspection
method

Average diameter
(μm)

Actual diameter by ET3000
(μm)

RMSE
(μm)

Proposed
method

107.94
109.33

3.50

ANFIS 109.80 3.03

Table 6
Comparison of lens sag measurement results for sample C by the two methods.

Diameter data Average lens sag
(μm)

Actual lens sag by ET3000
(μm)

RMSE
(μm)

Proposed
method

1.02
0.99

0.06

ANFIS 1.06 0.08 Fig. 15. Obtained gradients of the proposed method and literature [18] along an
initiated ray.
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Using the measurement result of ET-3000 as the actual dia-
meter, and the comparison of diameter measurement results for
sample A by the three methods is shown in Table 1
The lens sag of sample A is calculated by respectively substitut-
ing the 50 diameters measured using the three methods into Eq.
(15). Table 2 shows the comparison results of the lens sag data.



Table A.1
Fuzzy rule table.

Rule (i) Gradient Gray value ps (i)

1 Ld(u) Lg(w) pb (1)
2 Ld(u) Пg(w) pm (2)
3 Ld(u) Γg(w) pm (3)
4 Пd(u) Lg(w) ps (4)
5 Пd(u) Пg(w) ps (5)
6 Пd(u) Γg(w) ps (6)
7 Γd(u) Lg(w) ps (7)
8 Γd(u) Пg(w) ps (8)
9 Γd(u) Γg(w) ps (9)
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The diameter of sample B is measured. Fig. 13 shows the
diameter measurement result of sample B by ET-3000, and
Table 3 shows the comparison results of the diameter data. The
lens sag of sample B is calculated, and Table 4 shows the
comparison results of the lens sag data.
3.2.2. Measurement of microlenses with small lens sag
The diameter of microlens sample C is 110 μm, and the lens sags

is 1 μm, which is similarly equal to the wavelength of light source,
as shown in Fig. 11(c). Since the fringe pattern of sample C is
clearly distributed, the lens sag and lens diameter can be obtained
through the conventional techniques [4–12]. However, this sample
is still measured to verify the wild applicability of the proposed
method.

The diameter of sample C is measured. Fig. 14 shows the
diameter measurement result of sample C by ET-3000. Note that
there are noises in the backlight image of sample C, and the
contrast of edge points is lower when comparing with sample A
and B. After testing, the method of literature [18] is not applicable
for measuring the diameter of sample C. Hence, Tables 5 and 6
only show the comparison results of the diameter data and lens
sag data by ANFIS model and sub-pixel algorithm.

3.3. Discussion of measuring results

As shown in Tables 1 and 3, the proposed sub-pixel algorithm
can accurately measure the diameter of large-size microlens, the
corresponding RMS error is less than 1% in diameter measure-
ment, as compared with ET3000, and is the most accurate among
the three methods. According to Tables 2 and 4, the more accurate
the diameter measurement data are, the closer the lens sag is
calculated as the actual value through Eq. (15). Compared with ET-
3000, the RMS error is also less than 1% in lens sag measurement
for large-size microlens, suggesting the accuracy of proposed
method is good.

When measuring the diameter of sample C, the reason that the
method of literature [18] is not applicable can be illustrated
according to Fig. 15. Note that the definition of calculating gradient
is different between the proposed method and literature [18], and
there will be positive and negative values in the obtained gradi-
ents using the method of literature [18]. Since the grades of these
negative gradients are judged as 0 by the defined membership
function, the misjudgments of searching the edge points will
therefore occur. In other words, the method of literature [18] is
only suitable for the images with good contrast, low noises and
uniform illumination. According to Tables 5 and 6, the RMS error is
less than 6% for both diameter and lens sag measurement when
comparing with ET-3000, showing that the proposed method is
applicable for the microlenses with different sizes. However, it
should be noted that the proposed method is not suitable for
measuring the aspherical microlenses.
In general, the proposed sub-pixel algorithm is far simpler than
the traditional LoG method, thus, the processing speed is signifi-
cantly increased. Compared with ANFIS and literature [18], this
method is characterized by high applicability, but without the
need for prior training, and can be directly applied to different
microlens images without manual sampling or substantial mod-
ification of the algorithm. In addition, this system has the
architecture of non-contact measurement, which would not cause
scratches on the microlens surface, and is particularly suitable for
real time inspection of industry field.
4. Conclusions

An optical inspection system is successfully proposed in this
study for measuring the diameter and lens sag of large-size
microlenses. As the contrast ratio of a large-size microlens edge
is very low, resulting in very fuzzy edge areas in an image, and the
microlens diameter is unable to be directly determined. Therefore,
after identifying the central position of a microlens, an automatic
sub-pixel algorithm is proposed in this study to accurately
determine the edge points of a microlens and measure microlens
diameter. The proposed method can improve the complex com-
putations of the traditional LoG method, and is characterized by
good accuracy, high applicability, and rapid processing speed, but
without the need for prior training, as compared with ANFIS and
other methods. By integrating the diameter measurement algo-
rithm, a rule is also proposed to estimate lens sag, which is
characterized by high measurement speed and non-contact struc-
ture, would not cause scratches on the microlens surface, and is
particularly suitable for the in-line inspection of industry field.
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Appendix

The membership functions of gradient and gray value in the
literature [18] are redefined in this paper for searching the edge
points of a large-size microlens. The membership functions of the
gradient are modified as Ld(u), Πd(u)and Γd(u), where u represents
the gradient

LdðuÞ ¼
1; uo30
1− u−30

50−30 ; 30≤u≤50
0; u450

8><
>: ðA:1Þ

ΠdðuÞ ¼

0; uo40
u−40
50−40 ; 40≤uo50
1; 50≤u≤70
1− u−70

80−70 ; 70ou≤80
0; u480

8>>>>>><
>>>>>>:

ðA:2Þ

ΓdðuÞ ¼
0; uo70
u−70
90−70 ; 70≤u≤90
1; u490

8><
>: ðA:3Þ

The membership functions of the gray value as Lg(w), Πg(w) and
Γg(w) are also modified, where w represents the gray value

LgðwÞ ¼
1; wo100
1− w−100

140−100 ; 100≤w≤140
0; w4140

8><
>: ðA:4Þ
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ΠgðwÞ ¼

0; wo130
w−130
140−130 ; 130≤wo140
1; 140≤w≤160
1− w−160

170−160 ; 160ow≤170
0; w4170

8>>>>>><
>>>>>>:

ðA:5Þ

ΓgðwÞ ¼
0; wo160
w−160
180−160 ; 160≤w≤180
1; w4180

8><
>: ðA:6Þ

The corresponding fuzzy rule table is defined as Table A.1. After
the defuzzification, the pixel with the highest possibility is the
edge point of the microlens, and the diameter of microlens can be
calculated using Eq. (10).
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