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a  b  s  t  r  a  c  t

This  study  proposed  an  automatic  optical  inspection  (AOI)  system  for  detection  of  thin-film  transistor
(TFT)  array  defects.  gray  level  co-occurrence  matrix  (GLCM)  and  MATLAB  regionprops  function  were
used  to calculate  53  TFT  array  defect  features,  which  were  inputted  into  the  neural  network  to  train  the
eywords:
utomatic optical inspection system
FT array
efect classifier

defect  classifier.  The  images  to  be inspected  were  compared  with  a standard  image  first,  in  order  to  judge
whether  the TFT array  samples  have  defects.  For  defective  images  of  a TFT array,  the  proposed  defect
classifier  can  successfully  recognize  five  kinds  of  defects  in  the  process.  According  to the  experimental
results,  the  defect  recognition  rate  of  proposed  system  is  verified  to be  83.3%,  which  can  replace  manual
inspection  and  reduce  the  risks  of  false  inspections  due  to  long  duration  manual  work.  Moreover,  the
proposed  AOI  system  can improve  testing  efficiency  and reduce  manufacturing  costs.
. Introduction

The TFT–LCD process can be divided into three stages: TFT array
rocess, cell process, and module process [1–5]. These processes
re very cumbersome and complex, and often require mass manual
nspection to increase product yield. In order to avoid misjudg-

ent caused by the human eye, automatic inspection techniques
ave been proposed for TFT–LCD cell process and module process
6–10]. Lin et al. proposed a genetic algorithm to determine optimal
nspection parameters and recognize TFT–LCD dark points, bright
oints, and defective points [11]. A template matching technique
as also developed to inspect various defects [12] in the TFT–LCD

I-coating process. Park et al. established a set of standards for var-
ous defects in TET–LCD in order to evaluate whether these defects
an be perceived by the naked eye [13]. Fan et al. proposed a method
o inspect TFT–LCD Mura defects. This method can separate Mura
efects from the background through the prediction error sum of
quares residuals and overcome non-uniform brightness or dark-
ess [14].

However, the TFT array process is the first phase of the TFT–LCD.
f the array process has any problems, future operations will be
ffected. Five common defects are exemplified. If fibers from a

orker’s clothes fall into the TFT array, fiber defect occurs. Any

oreign matters in the exposure equipment that fall into the light
esistance may  cause particle defects after substrate coating and

∗ Corresponding author. Tel.: +886 3 5712121x54423.
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030-4026/$ – see front matter © 2014 Elsevier GmbH. All rights reserved.
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before exposure. If tightness between the pressure valve and oven
of the equipment is not good, the chemical agent will drop into the
TFT substrates and result in defects of pattern damage. Defects of
pattern residual will occur if the developer concentration is not suf-
ficient, and defects of pattern scratches are formed if the equipment
roller and baffle have friction.

Thus, this study proposed an automatic defect recognition sys-
tem for the TFT array process in order to solve the above problems.
The image processing techniques [15–17] were applied to judge
whether TFT array samples have defects. The features of the defec-
tive image samples were calculated by gray level co-occurrence
matrix (GLCM), and then used to recognize the five common defects
in the TFT array process through the defect classifier trained by the
neural network, which serve as the basis for process correction.

2. Methods of automatic defect recognition of TFT array
process

This study inspected five common defects in TFT array process:
(1) fiber defects; (2) particle defects; (3) pattern damage; (4) pat-
tern residual; and (5) pattern scratches. The actual images of the
five defects are as shown in Fig. 1, and the defect recognition flow
is illustrated in the following subsections.

2.1. Preliminary recognition of TFT array defect
In order to improve inspection speed, the proposed system first
judges whether images to be inspected have defects, and then fur-
ther recognizes images with possible defects. The images to be

dx.doi.org/10.1016/j.ijleo.2013.11.070
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2013.11.070&domain=pdf
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ig. 1. Five common defects in TFT array process (a) fiber defect (b) particle defect
c) pattern damage (d) pattern residual (e) pattern scratch.

nspected are converted into gray scale images, and subtracted by a
tandard gray scale image of TFT array accepted products. If the TFT
rray to be inspected has no defect, the gray value of each pixel in
he image subtraction results approaches to 0; otherwise, TFT array
efects may  cause higher gray values of the corresponding pixel in

mage subtraction results. The binary image subtraction results are
nalyzed. As shown in Fig. 2, the TFT array may  have defects if the
hite block area exceeds the preset threshold. The defect will be

ecognized using the proposed defect classifier.

.2. Feature extraction of TFT array defects using GLCM

TFT array images with defects are normalized to 320 × 240
mages. The gray level co-occurrence matrix (GLCM), as proposed
y Haralick et al. [18], was used to calculate the features of vari-
us defects, which can serve as basis for defect recognition. GLCM
ounts concurrent times of grey tone values of pixels on two  relative
ositions in gray scale images under the preset conditions (such as:
irection and distance). More specifically, P(i, j|d, �) means concur-
ent times for pixel pair of g(u, v) and g(m, n) in an image, and their
rey tone values are i and j respectively, when distance is d and
ngle is �. In this paper, � is set to 0◦, 45◦, 90◦ and 135◦ to calculate
on-normalized GLCM, as shown in Fig. 3.

As shown in Fig. 3, the calculated GLCM can be further nor-
alized to make each matrix element representing the occurrence

robability of grey tone value of every pixel. Each element value in
he matrix is divided by the sum of all element values in order to
btain a normalized GLCM:
nor(i, j|d, �) = P(i, j|d, �)
N

(1)

Fig. 2. TFT array defect after filtering background.
Fig. 3. Diagram of GLCM in four directions.

where Pnor(i, j|d, �) is a normalized matrix element value. N is total
concurrence times of grey tone values i and j, namely, the sum of
all element values in the matrix.

After normalization of GLCM, this study calculates 11 features
[18,19] at different angles (0◦, 45◦, 90◦ and 135◦) in order to recog-
nize various TFT array defects:P1: Angular second moment

P1 =
∑

i

∑
j

[
Pnor(i, j|d, �)

]2
(2)

P2: Contrast

P2 =
Ng−1∑
n=0

n2

⎡
⎣

Ng∑
i=1

Ng∑
j=1

Pnor(i, j|d, �)

⎤
⎦ ,

∣∣i − j
∣∣ = n (3)

P3: Correlation

P3 =

∑
i

∑
j

(i × j)Pnor(i, j|d, �) − �x�y

�x�y
(4)

P4: Sum of squares

P4 =
∑

i

∑
j

(i − �)2Pnor(i, j|d, �) (5)

P5: Inverse difference moment

P5 =
∑

i

∑
j

Pnor(i, j|d, �)

1 + (i − j)2
(6)

P6: Sum average

P6 =
2Ng∑
i=2

i Px+y(i) (7)

P7: Sum entropy

P7 = −
2Ng∑
i=2

Px+y(i) log
[
Px+y(i)

]
(8)

P8: Total variance

P8 =
2Ng∑
i=2

(i − P7)2Px+y(i) (9)

P : Entropy
9

P9 = −
∑

i

∑
j

Pnor(i, j|d, �) log
[
Pnor(i, j|d, �)

]
(10)
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geometric features of selected images. The selected 9 geometric
features are as shown in Table 1.

The geometric features were input of a neural network to train
the classifier for recognition of the five defects. The recognition
S.-W. Yang et al. / Op

10: Difference variance

10 =
Ng−1∑
t=0

i2Px−y(i) (11)

11: Difference entropy

11 = −
Ng−1∑
i=0

Px−y(i) log
[
Px−y(i)

]
(12)

here Ng = (maximum grey scale value in image − minimum grey
cale value in image) + 1, and also called grey tone value.

x =
∑

i

∑
j

i  × Pnor(i,  j|d,  �),  �x =
∑

i

∑
j

(i  − �x)2 ×  Pnor(i,  j|d,  �),

y =
∑

i

∑
j

j × Pnor(i, j|d,  �),  �y =
∑

i

∑
j

(i  − �y)2 × Pnor(i,  j|d,  �),

x+y(k) =
Ng∑
i=1

Ng∑
j=1

Pnor(i, j|d, �), k = 2, 3, . . .,  2Ng, i + j = k,

x−y(k) =
Ng∑
i=1

Ng∑
j=1

Pnor(i, j|d, �), k = 0, 1, · · ·,  (Ng − 1),  |i − j| = k.

The GLCM at four angles (0◦, 45◦, 90◦ and 135◦) respectively
orrespond to 11 features, totaling 44 features; each of which can
e regarded as the feature of each TFT array image.

.3. Design of defect classifier using a backward propagation
eural network

The determined defect features in Section 2.2 are input as a
ulti-layer feed forward neural network to train a TFT array defect

lassifier for defect recognition. The Backward Propagation Algo-
ithm (BP Algorithm) [20,21] is used as the neural network learning
ethod. The BP Algorithm sends back the difference between the

esired output and the actual output in order to update the weight
f each node, through which errors between the desired output and
ctual output can be reduced.

In general, the BP update rule can be expressed by [21]:

wnew
ij

= wold
ij

+ �wij

�wij = �ıixj

(13)

here wnew
ij

is the node weight after learning, wold
ij

is the node
eight before learning, �wij is the weight change, � is a positive
umber, and called learning constant, ıi is the learning signal, and
j is an external input or input of one processing element of the
idden layer.

This study uses the bipolar sigmoid function
(f) = [2/(1 + e−f)] − 1 as the activation function, and by corre-
ponding to Eq. (13), the learning signal ıoi of the ith node in the
utput layer can be expressed as:

oi = 1
2

(1 − y2
i )[di − yi] (14)

here yi is the actual output of the ith node in the output layer, and
i is the corresponding desired output.

Likewise, by corresponding to Eq. (13), the learning signal ıhq of

he qth node in the hidden layer is expressed as:

hq = 1
2

(1 − z2
q )

∑
i

ıoiwiq (15)
Fig. 4. Neural network architecture of using 11 features of defects.

where zq is the output of qth node in the hidden layer, and wiq is
the weight from the qth node in the hidden layer to the ith node in
the output layer.

Thus, the weight of each node in the network can be updated
for learning according to Eqs. (13–15).

MATLAB was  used to implement the above algorithm. Taking
11 defect features in GLCM at one angle as an example, the neural
network is set to have 11 inputs, where one hidden layer has 30
nodes and 5 outputs (5 kinds of tested defects). The corresponding
neural network architecture is as shown in Fig. 4. If the root mean
square error of all actual outputs and desired outputs is smaller than
the preset threshold, the TFT array defect classifier has completed
learning and can be used for defect recognition.

3. Experimental results and discussion

3.1. Experimental framework of the proposed system

The proposed TFT array defect recognition system was divided
into electric control and vision analysis. The inspection system
framework is as shown in Fig. 5.

TFT array samples were placed on the linear motor, and pos-
itioned and moved using Programmable Logic Controller (PLC). All
samples were moved under the camera for inspection. High speed
cameras extracted the images and sent them to computers for com-
parison with the standard images. If they were defective samples,
the system would use the defect classifier, as designed in Section 2,
for defect recognition, and record the defect information. Accord-
ing to the TFT array defect recognition result, this system stored
the classified defective images to the database. The continuously
expanded database could enhance neural network training results,
thus, system recognition could be more accurate.

This study also used MATLAB regionprops function to analyze
images with five TFT array defects. This function can calculate the
Fig. 5. Framework of the proposed system.
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Table 1
The selected geometry features of MATLAB regionprops function.

Geometry features Description

Area Total number of pixels of an image to be inspected
Perimeter Total number of edge points of an image to be inspected
Density Average gray value of all pixels
Centroid Image central coordinates
Major radius Maximum distance between edge and central point
Minor radius Minimum distance between edge and central point
Radius ratio The ratio of major radius and minor radius

r
r
i
e
i

3

s
s
3
T
w
c

e

R

O
r
6

Acquisition of  TFT  array 
image and gr aysc ale 

transform

Image su btra cti on

Standa rd image of T FT 
arr ay

Discriminant  criterion

Area calculation of  wh ite  
pixel s with Co nnected  
Component Labelin g

Defecti ve  ?

Image size  no rmalization

Yes

No

Feature extraction  using  
GLCM and MATL AB 
regionprops function

Defect recognition  through 
the proposed  defe ct 

classifi er

Update the  results  of 
defect recognition  to  the 

database

T
T

Filled area Area of hole of an image to be inspected
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esults of regionprops function were compared with the GLCM
ecognition results. Finally, the features of the two  methods were
ntegrated in order to obtain a better defect recognition rate and
nhance validity. The complete inspection process flow is as shown
n Fig. 6.

.2. Defect recognition results and discussion

This study collected 20 sets of fiber defect samples (Class 1), 41
ets of particle defect samples (Class 2), 33 sets of pattern damage
amples (Class 3), 44 sets of pattern residual samples (Class 4), and
0 sets of pattern scratch samples (Class 5), totaling 168 sets of
FT array samples for defect recognition. Seven types of classifiers,
ith different conditions, are used in the experiment to analyze

ase recognition results.

Case 1: Use the features of GLCM with � = 0◦ to recognize TFT array
defects.
Case 2: Use the features of GLCM with � = 45◦ to recognize TFT
array defects.
Case 3: Use the features of GLCM with � = 90◦ to recognize TFT
array defects.
Case 4: Use the features of GLCM with � = 135◦ to recognize TFT
array defects.
Case 5: Use the features of GLCM at four angles to recognize TFT
array defects.
Case 6: Use the features of MATLAB regionprops function to rec-
ognize TFT array defects.
Case 7: Use the features of GLCM at four angles and MATLAB
regionprops function to recognize TFT array defects.

In this study, recognition rate was used to evaluate recognition
ffect. Recognition rate R can be defined as:

 = amount of correctly detected samples
amount of all samples

× 100% (16)
Fig. 7 shows the corresponding Confusion Matrix and Receiver
perating Characteristic (ROC) curve of each case. The recognition

ate of Case 1 is 69.6%, Case 2 is 70.2%, Case 3 is 70.8%, Case 4 is
9.6%, Case 5 is 78.6%, Case 6 is 73.2%, and Case7 is 83.3%. Note that

able 2
he defect recognition rate of all cases.

Defect type Amount of samples Amount of inspected samp

Case 1 Case 2 

Fiber defect 20 14 13 

Particle defect 41 22 24 

Pattern damage 33 26 25 

Pattern residual 44 27 29 

Pattern scratch 30 28 27 

Total  168 117 118 

Recognition rate (%) – 69.6 70.2 
Fig. 6. Flowchart of the proposed defect recognition method.

the recognition rate is better when the ROC curve is concentrated
in the left upper.

The detailed experimental results are as shown in Table 2. As
seen, the defect recognition rate of Case 1 and Case 4 is about 70%.
In other words, the recognition effect using GLCM at four angels
as features has no significant difference. However, the recognition
rate of Case 5 is increased by 78.6%, which reveals that GLCM at
four angles are all important references in the recognition of the
five defects, and all should be considered in recognition.

In Case 6, MATLAB regionprops function are used to calculate
the features for defect recognition. The recognition rate is 73.2%,
which is better than GLCM at a single angle. In Case 7, the features
of GLCM at four angles and MATLAB regionprops function are used

to recognize defects. The recognition rate is 83.3%, which is the
best among the cases. As more features have significant discrimi-
nations, the effect of the trained defect classifiers is better, and the
recognition rate is better. However, as excessive features may  affect

les with defects

Case 3 Case 4 Case 5 Case6 Case 7

7 4 17 14 16
33 30 35 26 32
27 24 28 30 29
28 33 24 31 34
24 26 28 22 29

119 117 132 123 140
70.8 69.6 78.6 73.2 83.3
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Fig. 7. Corresponding confusion matrix and ROC curve of 7 cases. 

nspection speed, features with a significant discrimination should
e carefully selected. It is noted that when the defect type changes
r type of TFT array samples change, the proposed defect classifier
ust be retrained in order to adapt to new defects or samples. This

s also the system inspection limitation.

. Conclusions

This study proposed an automatic defect recognition system
or the defect detection of TFT array process. GLCM and MAT-
AB regionprops function were used to calculate 53 TFT array
efect features, which were input into a neural network to train
he defect classifier. High speed cameras extracted the images,
hich were sent back to the computers for comparison with the

tandard images. For the defective TFT array samples, the defects
ere recognized by the proposed defect classifier. The experimen-

al results suggested that the recognition rate of the proposed
lgorithm reached 83.3%, which meets panel industry inspection
tandards, and can replace current process equipment to reduce
anual inspection.
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