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Defect  detection  using  machine  vision  technology  plays  an  important  role  in  the  manufacturing  process
of mobile  phone  screen  glass  (MPSG).  This  study  proposes  an improved  detection  algorithm  for  MPSG
defect  recognition  and  segmentation.  Considering  the  problem  of MPSG  image  misalignment  caused  by
vibrations  in the mobile  stages,  a contour-based  registration  (CR) method  is  used  to  generate  the  template
image  used  to  align  the MPSG  images.  Based  on  this  registration  result,  the  combination  of  subtraction
and  projection  (CSP)  is used  to identify  defects  on  the  MPSG  image,  which  can eliminate  the  influence  of
obile phone screen glass
efect detection
ontour-based registration

mage subtraction
uzzy c-means cluster

fluctuation  in  ambient  illumination.  To  segment  the defects  with  a  fuzzy  grey  boundary  from  a  noisy  MPSG
image,  an  improved  fuzzy  c-means  cluster  (IFCM)  algorithm  is  developed  in  this  study.  A  defect  detection
system  is  developed,  and  the proposed  algorithms  are  validated  using  a  number  of  experimental  tests  on
MPSG  images.  The  testing  results  demonstrate  that the  approach  proposed  in  this study  can  effectively
detect  various  defects  on  MPSG  and  that  it has  better  performance  than  other  methods.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The quality of mobile phone screen glass (MPSG) is an impor-
ant consideration during the manufacturing process of mobile
hones. MPSG with common surface defects, such as scratches,
hips and dirt, should be identified and removed during manu-
acturing in real time. Four types of common defects that occur
n the manufacturing process are scratches, chips, dirt and light
eaks, as shown in Fig. 1.The corresponding causes for these defects
re listed in Table 1. The sizes of MPSG surface defects are signif-
cantly smaller (e.g., approximately 0.05 mm),  which complicates
heir defect detection. Additionally, the printed section of the MPSG
urface makes it more difficult to find and segment a defect.

Currently, recognizing these defects primarily depends on
uman eye inspection and requires approximately 15 s of a
orker’s time to fully inspect a single MPSG surface for defects.
efect detection based on machine vision has already been widely

mplemented in industry [1–4]. Liang et al. [5] proposed a sparse

epresentation in low resolution image to efficiently and quickly
etect the surface defects of mobile phone cover glass. Li et al. [6]
roposed the principle components analysis to find and extract the

∗ Corresponding author.
E-mail address: jianchuanxia@163.com (C. Jian).

ttp://dx.doi.org/10.1016/j.asoc.2016.10.030
568-4946/© 2016 Elsevier B.V. All rights reserved.
defects of touch screen glass. Torng et al. [7] developed a multi-
function automated optical inspection system for the mobile phone
panels in the production line, and the system can detect both the 2D
defects on the whole panel and the uniformity of 3D film thickness
of the glass coating. However, these approaches are sensitive to the
surrounding illumination variation. Approaches to defect detection
are broadly divided into the following three categories.

(1) Classification. Defect detection can be considered as binary
classification of normal and abnormal. In this line, feature
extraction and classification are two  critical steps [8,9]. Mitra
et al. [10] presented a neural network architecture using a sup-
port vector machine as an inference engine for classification
of light detection. Liu et al. [11] studied the surface defects
of TFT-LCD manufacturing process, and proposed automatic
inline defect detection using grey features and support vector
data description. Zhang et al. [12] selected features of Windows
Registry access recorder, and implemented the standard SVM,
weighted SVM and one class SVM for defect detection.

(2) Background reconstruction and removal (BRR). The meth-
ods reconstruct and remove repetitive or texture background

image, then find defects in the residual image. The primary task
is how to reconstruct background image. Tsai et al. [13] con-
structed a 3D image, used band-rejecting filtering to eliminate
the inhomogeneous textures of sputtered glass, and back-

dx.doi.org/10.1016/j.asoc.2016.10.030
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.10.030&domain=pdf
mailto:jianchuanxia@163.com
dx.doi.org/10.1016/j.asoc.2016.10.030
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Fig. 1. Common defects in MPSG.
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Table 1
Typical defects in MPSG and the corresponding possible causes.

Common defects Cause of occurrence

Scratch Misused equipment
Chip Uneven force on the glass edge during the

initial cutting, notch and edge grinding.
Dirt Ink is misprinted on the non-ink area of the

glass, or other particles attach to the glass.
Light leak Light can pass through the printing area of the

glass due to uneven ink thickness.
Fig. 2. The MPSG image.

transformed the data to reconstruct the image; the residual
image distinctly preserved the defects. Jung et al. [14] used the
Fourier spectrum to eliminate the periodic cell pattern of a TFT-
LCD for defect detection. Lu and Tsai [15] proposed using the
singular value decomposition to eliminate the repetitive hori-
zontal and vertical elements of a LCD to preserve the defects in
the residual image.

3) Template reference. Defects can often be found through com-
paring a template image with a test image [16–18]. Xie and
Guan [19] presented a novel golden-template self-generating
technique for detecting possible defects in periodic two-
dimensional wafer images, and the golden template was
obtained from the wafer image itself without any prior
knowledge. Chou et al. [20] described an automated defect
classification system of semiconductor chips at various manu-
facturing steps, which used a golden template method for defect
detection.

Besides these approaches, some other approaches were also
nvestigated [21,22]. In the following, we try to compare the three-
ategory approaches in MPSG surface defect detection. For the
lassification methods, the speed and accuracy of defect detection
ere often degraded by undistinguished feature, feature data of
igher dimensionality and classifier of weak generalization per-

ormance [23–26]. If the methods were used to detect the MPSG
urface defects, we need to carefully address feature selection,
eature dimensionality reduction and classifier generalization per-
ormance improvement. Any omission may  cause high false defect
etection. The BRR approaches attempted to detect the surface
efects of industrial products (such as TFT-LCDs, solar modules
nd sputtered glass) whose image backgrounds contained either
eriodic/self-similar patterns or statistical texture structures. How-
ver, these patterns or structures are significantly different from
he surface structure of MPSG where there is a printed region (the
hite region) and a non-printed region (inside the white region),

s shown in Fig. 2. Therefore the BRR approaches can not effectively

nd possible defects in MPSG image. Template reference is a well-
nown and effective approach for defect detection in the industry
16–18,27,28]. This approach is very fast because it is only involved
n arithmetical operation of pixels, thereby it can meet the high
demand of online detection. Thus, the approach is initially used for
defect detection process with a MPSG surface in this study.

In the template reference methods, several critical problems
need to be considered: misalignment, surrounding illumination
variations and fuzzy boundary defect segmentation. Contour-
based registration (CR), the combination of image subtraction and
greyscale projection (CSP), and the improved fuzzy c-means cluster
(IFCM) are proposed to solve these problems in this study paper.
The remainder of this paper is organized as follows. Each of these
problems is discussed in detail, and the corresponding solutions are
identified in section 2. The defect detection system for MPSG is for-
mulated in Section 3; CR, CSP and IFCM are also presented in detail.
In Section 4, the performances of CR, CSP and IFCM are determined
using experimental results. Section 5 presents the conclusions and
identifies areas for future work.

2. Problem description and solutions

2.1. Misalignment

The captured MPSG images may  slightly displace and rotate
due to vibrations in the stage. If the captured images were not
aligned pixel-by-pixel to the template, significant errors would
result during image subtraction. Meanwhile, the average of mul-
tiple free-defect images was used to create the template [29,30],
and misalignment of these free-defect images would produce an
inaccurate template. The primary task thereby is alignment. The
methods of image registration can be divided into two parts: the
grey-based methods and the feature-based methods [31]. The grey-
based methods carry out image registration using the greyscale
values of all pixels, therefore the speed is slow, especially for the
MPSG image of large size 2500 × 2000. Additionally, they are very
sensitive to illumination variations [32]. The feature-based meth-
ods can solve the problems caused by the grey-based methods [33].
Contour is one of common features used for alignment. In the case of
rotation and translation, the contour geometry remains unchanged.
Thereby contour-based registration (CR), in this study, was pro-
posed to take advantage of contour features (i.e.,  touch keys and

earpieces) present on the MPSG specimens.
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atic MPSG surface defect detection system.
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Fig. 3. Flowchart of the proposed autom

.2. Test images grey fluctuation from illumination variations

Image subtraction between the template g(x, y)and the test
magef  (x, y) is used to obtain the residual imageR(x, y):

(x, y) = |g(x, y) − f (x, y)| (1)

The grey levels of the test image change with illumination
ariations, which leads to greyscale fluctuation in the residual
mage; thus, finding defects using image subtraction is not reli-
ble. To weaken the affection of illumination variations, Wang and
ung found objects from the test image using multiple adaptive
hresholds and boundary evaluation [34]. Liao et al. proposed scale
nvariant local patterns to handle the illumination variations [35].
aussian mixture modelling (GMM)  was well known to be effective

o address illumination variations [36,37]. However these methods
till suffer from a high false alarm because of over-quick and arbi-
rary illumination variations. Wang et al. proposed using greyscale
rojection for surface defect detection on steel strips; this method
as independent of the surrounding illumination levels [38]. How-

ver, this technology used the homogeneous grey background of
he steel strips, which is significantly different from the MPSG sur-
ace. This condition can be mimicked on MPSG using the following
rocess. After aligning the test image and the template, we  can
liminate the printed region using image subtraction to obtain a
omogeneous grey texture in the residual image. We  then find
he presence or absence of defects using greyscale projection. The
roposed method combines the results of image subtraction and
reyscale projection.

.3. Fuzzy boundary defect

Some defects are located near the background in the grey level
istribution, which prevents their boundary from being clearly
efined by human eyes. It is difficult to effectively determine
he boundary pixels using common threshold segmentation tech-
iques. Hashioka et al. [39] proposed fuzzy object shape model

or fuzzy boundary newborn brain MR  image segmentation. Bi
t al. [40] proposed using level set method for accurately seg-
enting fuzzy boundary defect. In this study, a new region-based

ctive contours model was used for more suitable to segmenta-
ion of fuzzy boundary Mura defects. Based on this new model,
he level set method accurately segmented Mura defects. However,
ow to choose the parameters of model was still not a standard
f theoretical knowledge as a guide. Based on the inaccuracies
resent in the boundary pixels, we assign pixels to the initial mem-
ership functionA(x)and identify boundary pixels based on the
nalA(x)after multiple iterations. Fuzzy c-means clustering (FCM)
an accurately classify fuzzy pixels using A(x); however, FCM is sen-

itive to noise because it doesn’t consider the space relationship
etween the pixels [41–43] and is thus not suitable for defect seg-
entation in a noisy MPSG image. Therefore, we propose using an

mproved FCM (IFCM) to solve this problem.
Fig. 4. Experimental stage for capturing the MPSG.

3. Automatic defect detection system for MPSG

The proposed automatic defect detection system for MPSG
consists of three stages: registration, defect detection and segmen-
tation. In the first stage, multiple defect-free MPSG images are
aligned to generate a template; then, the test image is aligned with
the template for defect detection. In the second stage, the template
is subtracted from the test image to produce a residual image. The
greyscale projection of the residual image is then used to determine
the presence or absence of defects. If defects are present, the MPSG
is removed from the manufacturing process, and the corresponding
data are sent to the next stage for defect segmentation. In the third
stage, an improved FCM method is used for accurate defect seg-
mentation. The flowchart of the proposed automatic MPSG surface
defect detection system is shown in Fig. 3.

3.1. Image acquisition

The size of the MPSG used in this study is 130 mm by 65 mm
and requires a high visual detection accuracy of 0.05 mm to iden-
tify small defects. In the experiment, we used the monochrome
camera FC5200GE (manufactured by the Japan TAKENAKA system
CO., LTD) with a CCD resolution of 2500×2000 pixels. Fig. 4 shows
the experimental platform system of the image acquisition process.
The platform system was  manufactured by the Beijing SmartMo-
tion Electronic Systems Technology Co., Ltd. The location accuracy
of the platform system is 1 �m, and the maximum acceleration is
2 g. The size of the platform system is 1200 × 850 × 800 mm.  The
maximum travels of the X-axis direction (i.e., horizontal) and the
Y-axis direction (i.e., fore and aft) are both 500 mm.  The MPSG is
fixed on a mobile stage and moves along the Y-axis of the mobile

stage. The CCD camera moves with the lead screw head in the X-axis
direction to ensure that the reflected light from the MPSG sur-
face reaches the camera; the camera also moves with the head in
the Z-axis direction (i.e., vertical) to ensure that the right working
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istance is maintained. Half of the MPSG image in the experi-
ent is captured to ensure image quality. The captured image

s an 8-bit grey-level image of size 2500 × 2000 in BMP  format.
he size of a pixel in the image is approximately 0.0325 mm (i.e.,
5 mm/2000pixels = 0.0325 mm/pixel).

.2. Proposed contour-based image registration

In the experiment, the CCD camera cannot hold the whole MPSG.
alf of the MPSG image is captured for each timeframe. The other
alf is obtained in the next capture. One of the two images contains
he patterns (i.e., touch keys and earpieces), and we  implement the
egistration for the image containing the patterns. The registration
esults are applied to the other half of the MPSG image because the
wo half images of a MPSG have the same geometric transform.

The half of the MPSG image with the patterns is firstly cropped
o a region which probably contains patterns to implement image
egistration. Then, noise is removed using the open operation in the
orphology, and the region’s binary image is obtained using the
tsu method. Finally, pattern contours can be extracted from the
inary image using edge detection operators. Since the invariant
oment only depends on the geometry of the object, it remains
onstant in the case of the object’s displacement and rotation.
herefore, Hu’s invariant moments �i(i = 1, 2, · · ·7), in this study,
re introduced to describe the pattern features in the MPSG image
44]. A similarity measure(SM)  for image registration is defined as
uting 52 (2017) 348–358 351

follows based on Hu’s invariant moments:

SM =
7∑

i=1

|�i − �̂i

�i + �̂i

| (2)

where �i and �̂i are Hu’s invariant moments of the corresponding
contours. When the geometries of the contours are similar, �iis
near�̂i and SMapproaches zero; the corresponding contours of the
smallest SM can thus be aligned. The transformation parameters
can be evaluated by:(

x̂

ŷ

)
=

(
cos � sin �

− sin � cos �

)  (
x̄

ȳ

)
+

(
�x

�y

)
(3)

where(x̄, ȳ)and(x̂, ŷ) are the corresponding centroids of the aligned
contours; � is the angle of the rotation; and�x  and �yare the dif-
ferences between the two  centroids along the X-axis and Y-axis,
respectively.

3.3. Proposed CSP method for defect detection

As stated previously, greyscale projection of the residual image
is used to identify the presence or absence of a defect. Using the m ×
n imagef  (i, j), the pseudocode of the greyscale projection algorithm
is described as follows:

Algorithm 1.
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Table 2
Membership of uik ,ūir and u

′
ik

in Fig. 5.

uik ūir u
′
ik

(a) 0.8000 0.2875 0.6174
52 C. Jian et al. / Applied Soft

Tthresholdcan be set by evaluating the greyscale distribu-
ion of multiple defect-free images in the experiments. In this
tudy,Tthresholdis set to be 16. C can be obtained when the minimum
s subtracted from the maximum for all columns of the greyscale
verages. When the surrounding illumination changes, Cremains
onstant because the maximum illumination has the same amount
f fluctuation as the minimum, which can be clearly expressed in
q. (4).

 = [max(C(j)) + �] − [min(C(j)) + �] = max(C(j)) − min(C(j)) (4)

here� is the amount of greyscale fluctuation due to illumina-
ion variations. The value of�  might change with the illumination
hange and the CCD response; however, the � change cannot affect
he value of Cbecause the fluctuation level of � is the same for

ax(C(j)) and min(C(j)). The parameter � is eliminated from the
ubtraction operation, as shown in Eq. (4).

.4. Proposed IFCM method for defect segmentation

The FCM method was first proposed by Dunn [45]. In his studies,
e attempted to locate cclusters by partitioning all of the pixels in
n image based on each pixel’s grey level; this method assigned
he initial membership function to each pixel randomly. Then, the
nal membership and clustering centre could be obtained after the

terations by minimizing the objective function, which is defined
s follows:

min Jm(U, V) =
c∑

i=1

n∑
k=1

um
ik

‖xk − vi‖2

s.t.

c∑
i=1

uik = 1, i ∈ [1,  c], k ∈ [1,  n], uik > 0

(5)

here U = [uik] is the membership matrix;uikis the member-
hip of the kth pixel in the ith cluster; vi(i = 1, 2, · · ·c)in the
lustering centre set V = {v1, v2· · ·vc}represents the ith clustering
entre;crepresents the cluster number; and nmeans the number
f the total pixels in the image. The weighting exponentm con-
rols the fuzziness of the cluster; xkmeans the grey of the kth
ixel; and‖xk − vi‖represents the Euclidean distance between the
th pixel and the ith clustering centre. The objective function in Eq.
5) can be rewritten as follows using the Lagrange multiplier �:

′
m(U, V) =

c∑
i=1

n∑
k=1

um
ik‖xk − vi‖2 + �(

c∑
i=1

uik − 1) (6)

Taking the first derivatives of J
′
m(U, V)with respect to uikand

iand setting the results to zero, we can update the centeruikand
he membership vi as follows.

i =
n∑

k=1

um
ikxk/

n∑
k=1

um
ik , i = 1, 2, · · ·,  c. (7)

ik = ‖xk − vi‖
−2

m−1 /

c∑
j=1

‖xk − vj‖
−2

m−1 , i = 1, 2, · · ·,  c; k = 1, 2, · · ·,  n.

(8)
As stated previously, defect segmentation in a noisy MPSG image
s not reliable when using FCM. Based on the spatial constraint,
(b)  0.2000 0.7125 0.3826
(c)  0.4000 0.2875 0.2120
(d)  0.6000 0.7125 0.7880

Ahmed et al. proposed a modified objective function (FCM S) to
solve this problem [46,47]:

min Jm(U, V) =
c∑

i=1

n∑
k=1

um
ik

‖xk − vi‖2 + ˛

NR

c∑
i=1

n∑
k=1

um
ik

(
∑
xr ∈ Nk

‖xr − vi‖2)

s.  t.

c∑
i=1

uik = 1, i ∈ [1, c], k ∈ [1,  n], uik > 0

(9)

where xrrepresents the grey of the pixels in the
neighbourhoodNk(Nk = l × l)of the pixel xk;NRrepresents the

number of pixels inNk; and ˛
NR

c∑
i=1

n∑
k=1

um
ik

(
∑

xr ∈ Nk

‖xr − vi‖2)is a

trade-off term from the local neighbourhood information. The
parameter  ̨ is a constant that controls the effect of the neighbour-
hood. We can obtain the iteration formula of the membership uik

and the cluster centrevi (see Eqs. (10) and (11), respectively) by
minimizing the objective function in Eq. (9) in a similar fashion to
the standard FCM:

vi =
n∑

k=1

um
ik(xk + ˛

NR

∑
xr ∈ Nk

xr)/(1 + ˛)
n∑

k=1

um
ik , i = 1, 2, · · ·,  c. (10)

uik = 1/

c∑
j=1

⎛
⎜⎜⎝

‖xk − vi‖2 + ˛
NR

∑
xr ∈ NR

‖xr − vi‖2

‖xk − vj‖2 + ˛
NR

∑
xr ∈ NR

‖xr − vj‖2

⎞
⎟⎟⎠

1
m−1

; i = 1, 2, · · ·c; k = 1, 2, · · ·, n.

(11)

This modified FCM achieved better segmentation results than
the FCM method [46]; however, there is still room for further
improvement. The membership relationships of the local pixels are
near its neighbourhood; thus, we  can revise the membership using
the local neighbourhood information (see Eq. (12)):

u
′
ik = up

ik
ūq

ir
/

c∑
i=1

up
ik

ūq
ir

(12)

where ūirrepresents the average membership of the neighbour-
ing pixelsxr in the ith cluster; u

′
ik

is the revised membership of
uik; andpand q are constant parameters that balance the effects
of uik and ūir , respectively. This study aims to segment defects
from the background of the MPSG image withc = 2.Whenūir >
0.5, u

′
ik

> uik.Whenūir < 0.5,u
′
ik

< uik. Four local neighbourhood
membership features with a 3 × 3 window are shown in Fig. 5
where uikrepresents the membership of the central pixel in a 3 × 3
window, ūir is the average membership of the pixels in the neigh-
bourhood, andu

′
ik

is the revised value of uikused in Eq. (12).
The membership of the noise is distinctly different from its

neighbouring pixels in Fig. 5 (a–b). Conversely, the member-
ship of the homogenous pixel is near its neighbouring pixels

in Fig. 5(c–d).The revised membershipu

′
ik

of the noise and the
homogenous pixels tend toward their own averageūircompared
with their original membershipuik, as shown in Table 2.This indi-
cates that they are considerably closer to the majority of their
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Fig. 5. Local neighbourhood membership with a 3 × 3 window.
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Fig. 6. Imag

ocal neighbouring pixels. Noisy pixels are clustered based on the
embership of their local neighbouring pixels, which significantly

mproves the segmentation results of a noisy image.
The acquired cluster centre using the fast FCM algorithm based

n a histogram [48] is set to the initial centre to decrease the num-
er of the iteration. The steps for defect segmentation in the MPSG

mage are described as follows.
Step1. Confirm the initial parameters. In this study,c  = 2, m =

, p = q = 1,  ̨ = 0.3, l = 3 and ε = 10−4.
Step2. Compute the initial cluster centresvi using the fast FCM

lgorithm.
Step3. Compute the membership uik using Eq. (11), and obtain

he revised membership u
′
ik

using Eq. (12) and the new cluster
entresvi using Eq. (10) by substituting u

′
ik

for uik.
Step4. Repeat step3 until the following termination creation is

atisfied:

vt+1
i

− vt
i ‖ ≤ ε

The final segmentation result is then obtained.

. Experimental verification

In this section, to evaluate the performance of the proposed
ethods and automatic defect detection system, we presented four

xperiments: (1) comparing the proposed contour-based registra-
ion (CR) with three other methods, (2) evaluating the performance
f the proposed combination of subtraction and projection (CSP),
3) comparing the proposed IFCM with other versions of improved
CM and the common threshold segmentation methods, and (4)
roviding the testing speed results for the proposed automatic

efect detection system. The methods in the experiments were

mplemented on an Intel Core i3-2100, 3.10 GHz personal computer
n MATLAB. The test images were obtained through the experimen-
al platform introduced in section 3.1 in the following experiment.
be aligned.

4.1. Performance of the proposed contour-based registration (CR)

The template was  produced using the average of multiple non-
defective images in this experiment (see Fig. 6 (a)). The image
in Fig. 6 (b) can be obtained by rotating and displacing the tem-
plate in Fig. 6 (a). Mutual information (MI) and the corner-based
methods are common technologies in rigid registration. For com-
parison, the image in Fig. 6 (b) was aligned with the template in
Fig. 6 (a) using the proposed CR method, the PSO-based MI  method
[49] the Powell-based MI  method [50] and the Harris corner-based
registration (HCBR) [51], and the results were shown in Table 3.
We introduced the individual error (IE) to evaluate the registration
accuracy as follows:

IE = |Vm − Vr | (13)

where Vmmeans the measurement from the registration method
and Vrmeans its real value.

Table 3 shows that the PSO-based MI  method, the HCBR method
and the proposed CR method achieved nearly equal sub-pixel accu-
racies, which were better than the Powell-based MI  method. The
Powell-based MI  method completed more quickly compared to the
PSO-based MI  method; however, it was hard to locate the global
minimum because this method tended to locate local minimums
easily. Strictly speaking, the IEs of the PSO-based MI  method and the
HCBR method were lower than the proposed CR method; however,
these improved IEs required 722.0813s and 6.7159s to complete its
computations respectively, which were significantly more than the
proposed CR method’s computation time of 1.0917s; thus, the PSO-
based MI  method and the HCBR method cannot meet the needs
of online detection. For a test image of size m × n, the computa-
tional complexities of the Powell-based MI  method, the PSO-based

MI  method, the HCBR method and the proposed CR method are
O(mni1i2), O(pmni),O(mn)and O(rn) respectively where i1,i2and iare
the iteration numbers, pmeans population size, and rmeans the
row of a small region containing touch keys. The computational
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Table 3
Results of the alignment between Fig. 6 (b) and (a).

Method

Powell-based MI  [49] PSO-based MI  [50] HCBR [51] Proposed CR method

Vr Vm IE Vm IE Vm IE Vm IE
�x  (pixel) 3 1.1609 1.8391 3.0326 0.0326 3.0330 0.0330 2.9656 0.0344
�y  (pixel) 4 4.0381 0.0381 4.0077 0.0077 4.0040 0.0040 4.0134 0.0134
��(degree) 1 1.0047 0.0047 1.0009 0.0009 1.0011 0.0011 0.9979 0.0021
Time  (s) 384.8699 722.0813 6.7159 1.0917

Table 4
Average IE results of aligning 50 pairs of MPSG1 images.

Methods

Powell-based MI  [49] PSO-based MI  [50] HCBR [51] Proposed CR method

�x  (pixel) 0.9985 0.0279 0.0319 0.0287
�y  (pixel) 2.0104 0.0052 0.0066 0.0323
��(degree) 0.0024 0.0006 0.0009 0.0016
Runtime (s) 207.4811 770.1948 5.6264 1.2035

Table 5
Average IE results of aligning 50 pairs of MPSG2 images.

Methods

Powell-based MI  [49] PSO-based MI  [50] HCBR[51] Proposed CR method

�x  (pixel) 2.5351 0.0171 0.0342 0.0182
�y  (pixel) 0.4907 0.0741 

��(degree) 0.0085 0.0013 

Runtime (s) 212.3390 819.5091 

Table 6
Confusion matrix.
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Actual Positive True Positive (TP) False Negative (FN)
Negative False Positive (FP) True Negative (TN)

omplexities of the Powell-based MI  method and the PSO-based
I method increase with rising iteration numbers or population

ize, therefore their complexities are far larger than that of the
CBR and the proposed CR method. Compared with the proposed
R method, the computation complexity of the HCBR method is still
igh. It is mainly caused by complex Gauss convolution computa-
ion and feature point response function computation in every pixel
hroughout the test image. Considering the small displacement and
otation in MPSG test image, the proposed CR method extracted the
ontours of touch keys only in a small region which probably con-
ains touch keys. Since the row rin the small region is much less
han the row m in the entire image, that is, r < m,  the proposed
R method is faster than the HCBR method for alignment. We  also
ested the speed of the HCBR in such a small region of MPSG, and
he time consuming was 1.6702s, slightly greater than that of the
roposed CR method (1.0917s). The reason may  be that the HCBR
pends much time in removing unrelated corners and finding the
orresponding corners.

We aligned 50 pairs of two different kinds of MPSG images
denoted as MPSG1 and MPSG2 respectively, see Fig. 7) to evaluate
he robustness of the proposed CR method. Tables 4 and 5 show the
verage IE results and the runtime achieved by the various meth-
ds in this experiment, respectively. From Tables 4 and 5, we  can
ee that the proposed CR method achieved fewer IE values than

he Powell-based MI  method and approximately equal IE values to
he PSO-based MI  method and the HCBR method. The proposed CR

ethod took up a little more than 1 s on average to align a pair
f images, which was considerably less than other methods. From
0.0766 0.0914
0.0025 0.0024
5.8096 1.1735

the results of Tables 4 and 5, the proposed CR method was  much
better than the Powell-based MI  and approximately equal to the
PSO-based MI  and the HCBR method in the accuracy. The proposed
CR method was much faster than other methods used in the speed.

4.2. Performance of the proposed combination of subtraction and
projection (CSP)

In this section, the test images contain 50 defective images
and 150 non-defective images. These 200 images were obtained
in different periods during the second six months of the year
2013. The test images are 2500 × 2000 pixels, 8-bit grey images
(BMP format). The resolutions of the test images are approx-
imately 0.0325 mm/pixel. Multiple non-defective images were
aligned using the proposed contour-based registration, and the
average values of multiple aligned images were considered as the
template image for implementing the subtraction operation. In this
experiment, we tested three methods: (1) image subtraction after
the contour-based registration (IS), (2) direct image subtraction
without the registration (DIS), and (3) the combination of image
subtraction and greyscale projection after the contour-based reg-
istration (CSP). Here, we  introduced the confusion matrix shown in
Table 6. In Table 6, “positive” means defective images, and “nega-
tive” means non-defective images.

where TP means defective images that are correctly identified
as defective. FP means non-defective images that are incorrectly
identified as defective. TN means non-defective images that are
correctly identified as non-defective. FN means defective images
that are incorrectly identified as non-defective. The performance of
the IS, DIS and CSP methods can be evaluated by using two  indices
called sensitivity and specificity, defined by
sensitivity =
#TP + #FN

× 100% (14)

specificity = #TN

#TN + #FP
× 100% (15)
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Fig. 7. Two different kinds of MPSG images for alignment.

Table 7
Experimental results of the confusion matrix using different methods.

IS DIS CSP

Detected Detected Detected

Defective Non-defective Defective Non-defective Defective Non-defective

Actual Defective 45 5 40 10 47 3
Non-defective 9 141 13 137 4 146

Table 8
Sensitivity and specificity results using different methods.
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Table 9
UR of segmented defects using different methods.
sensitivity 90% 80% 94%
specificity 94% 91.33% 97.33%

here # means the “number of ”. Sensitivity means a ratio in which
he defective images are identified as the defective images by the

ethod, and specificity means a ratio in which the non-defective
mages are identified as the non-defective images. A good method
hould achieve a high sensitivity and specificity.

In this experiment, Table 7 shows the results of the confusion
atrix achieved by three methods, and the results of the sensitiv-

ty and the specificity are shown in Table 8. From Table 8, we  can
ee that the CSP method achieves 94% in sensitivity and 97.33%
n specificity, superior to the IS and DIS methods. Specifically,
hree defective images are incorrectly identified as non-defective
mages, and four non-defective images are incorrectly identified as
efective images when using the CSP method. There are two  prob-

ems to consider when detecting the surface defects of an MPSG.
ne problem is the misalignment of the test image caused by the
xperimental platform vibration. The other problem is the grey
uctuation of the test image caused by the surrounding illumina-
ion changes during the six months of capturing test images. The IS

ethod does not consider the second problem, and the DIS method
oes not consider either of the two problems. The CSP method con-
iders the impact of these two problems on the test images and
mplements the CR method and the CSP method to solve the two
roblems, respectively. Therefore, the CSP method outperforms the

S method and the DIS method in terms of sensitivity and specificity.

.3. Performance of fuzzy boundary defect segmentation using
he proposed IFCM method

The residual image can be obtained through the subtraction of
he test image and the template image. The presence/absence of a

efect can be determined in the residual image using the proposed
SP method. The defects, if they exist, can be segmented using the
roposed IFCM method in the residual image in this section. The
ize of the defect is very small in the test image, see Fig. 8(a); there-
Method Otsu [52] Niblack [53] Kittler [54] Proposed IFCM

UR 0.9158 0.9095 0.8754 0.9371

fore, to compare the segmentation performance visually, a region
with a defect (see Fig. 8(b)) is extracted and resized to a 23×21
matrix from the residual image in the experiments. In Fig. 8 (b),
there is a fuzzy grey boundary and a small grey difference between
the defect (the darker area) and the background (the lighter area).
The 23 × 21 pixel region with the defect is used for the following
defect segmentation experiment.

4.3.1. Segmentation comparison with the common threshold
segmentation methods

The threshold method is a common technology used to segment
objects from an image background; however, a suitable threshold
must be set. In this study, three common threshold methods are
investigated (i.e., those of Otsu [52], Niblack [53] and Kittler [54]);
the segmentation performance of these methods with an MPSG
image is then compared with the proposed IFCM method. The seg-
mentation results are shown in Fig. 9. The uniformity of the intra
region (UR), which is defined as follows, is used to evaluate the
defect segmentation performance [55].

UR = 1 − 1
N

c∑
i=1

∑
xk ∈ Ri

(xk − 1
NRi

∑
xk ∈ Ri

xk)
2

(max
xk ∈ Ri

xk − min
xk ∈ Ri

xk)2
(16)

where the image is segmented into cportions. In this study, c = 2
and represents defects and free of defects; Nis the total number of
pixels in the image;Ri is the ith partition; xkis the grey value of the
kth pixel in Ri; andNRi

is the total number of pixels in Ri. The results
of the UR are listed in Table 9.

From Fig. 9, the defects found using the proposed IFCM method
are located more closely compared to the threshold techniques;

the proposed IFCM method also achieves better boundary segmen-
tation. It is shown in Table 9 that the UR from the proposed IFCM
method performs better than those of the other methods. This find-
ing indicates that there is a best grey uniformity of the segmented
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Fig. 8. A defective test image and a small region with a defect.

sults using different methods.
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Table 10
Validity of the cluster indices for defect segmentation.

Method VXB Vpe Vpc

FCM [61] 0.0914 0.2811 0.8206
FCM S [46,47] 0.0719 0.2744 0.8413
FCM S1 [56] 0.0709 0.2369 0.8643
FCM S2 [56] 0.0652 0.2522 0.8527
Fig. 9. Segmentation re

efect region when using the proposed IFCM method compared to
he three threshold methods.

.3.2. Segmentation comparison with other versions of improved
CM

The FCM S method uses all of the neighbouring pixels of each
ixel during the iterations and is very time consuming to complete.
o reduce the computational complexity of the FCM S method,
hen and Zhang [56] proposed two variant versions based on the
CM S method: FCM S1 and FCM S2. The neighbourhood average
peration in FCM S1 and the neighbourhood median operation in
CM S2 replace the neighbouring pixel operation in FCM S. Wang
roposed a modified membership function for the FCM method (i.e.,
he FCM M method) to improve the performance in the presence of
oise [57]. In this section, the segmentation results from the MPSG

mage using the FCM, FCM S, FCM S1, FCM S2, and FCM M methods
nd the proposed IFCM algorithm are shown in Fig. 10. In the exper-
ment,  ̨ = 0.3 andNR = 3 × 3.We use three cluster validity indices
f the Xie-Beni criterion (VXB) [58], the partition coefficient (Vpc)
59] and the partition entropy (Vpe) [60], which are defined as fol-
ows, to evaluate the methods’ robustness to the noise. When the
ixels are clustered optimally, a smaller VXB and Vpe and a larger
pcare obtained:

XB =

c∑
i=1

n∑
j=1

u2
ij
‖xj − vi‖2

nmin
i /=  j

‖vi − vj‖
(17)
pc =

c∑
i=1

n∑
j=1

u2
ij

n
(18)
FCM M [57] 0.0664 0.1260 0.9242
Proposed IFCM 0.0547 0.1071 0.9396

Vpe = −

c∑
i=1

n∑
j=1

uijlogb(uij)

n
(19)

The results of the segmentations are shown in Fig. 10, and the
validity of the cluster indices is presented in Table 10.

In Fig. 10, the cluster effect using the proposed IFCM method
is superior to the other FCM methods because the defect pixels
are located more closely even in the presence of noise, and the
cluster effect using the FCM method performs very poorly because
the noise in the background is incorrectly identified as defect pixels.
From Table 10, it is shown that Vpcis the largest, andVpe and VXB

are the smallest in the proposed IFCM method compared to the
FCM method and its improved versions. This finding indicates that
the proposed IFCM method performs best compared to the FCM
method and the other improved FCM methods when segmenting a
real MPSG image.

4.4. Speed performance of the proposed automatic defect
detection system

The proposed automatic defect detection system consists of

three stages: registration using the CR method (stage 1), defect
detection using the CSP method (stage 2) and defect segmentation
using the proposed IFCM method (stage 3). We  test the average
speed performance of the proposed defect detection system with
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Fig. 10. Segmentation results of an MP

Table 11
AR of each stage and the proposed automatic defect detection system (s).

Stage 1 Stage 2 Stage 3 Total
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[

[25] F. Ratle, G. Camps-Valls, J. Weston, Semisupervised neural networks for
efficient hyperspectral image classification, IEEE Trans. Geosci. Remote Sens.
AR 1.1079 0.0354 0.5168 1.6601

00 test images from the input to the final output. We  present the
verage runtime (AR) of each stage and the overall automatic defect
etection system in Table 11. From Table 11, we can see that stage

 takes up 1.1079s, accounting for 66.74% (1.1079/1.6601 × 100%)
f the total AR (1.6601s). Considerable time is spent searching for
he pairwise contours in stage 1. Stage 2 is responsible for 2.11%
0.0354/1.6601 × 100%) of the total AR. Stage 2 is the fastest stage
mong the three stages because this is the only stage involved in
he pixel algorithm operation. Based on stage 1 and stage 2, we  can
etermine whether a test MPSG has the defect; therefore, these two
tages should work for high speed. The AR sum of stage 1 and stage 2
n this experiment is 1.1433s (1.1079s + 0.0354s, 68.87% of the total
R), which can meet the needs of online detection. The AR of stage

 is 0.5168s (31.13% of the total AR), and stage 3 only works for the
efective test MPSG, which has fewer real-time requirements than
tage 1 and stage 2.

. Conclusions

The process of manufacturing a mobile phone screen will
navoidably cause various surface defects that are currently

nspected primarily by human eyes. In this study, a vision-based
efect detection system is proposed to automatically inspect
obile phone screens in a mobile phone production line. A

ontour-based image registration algorithm is used to resolve any
isalignments in the acquired images due to their rotation and dis-

lacement caused by stage vibration. Using image subtraction and
reyscale projection, the defects on a screen can be identified; the
ethod used will not be affected by fluctuation in the surround-

ng illumination. To solve the problem of segmenting defects with
uzzy grey boundaries from a noisy MPSG image, an improved fuzzy
-means cluster (IFCM) algorithm is proposed and validated in this
tudy. The detection system for the MPSG was  implemented in
ATLAB. Several experimental tests have been performed, and the

esults show that the method proposed in this study can achieve a
atisfying detection result and that it has better performance com-
ared to previous methods. Based on this study, the classification
f detected defects will be considered in a future study to aid in
epair decision-making.
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