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Abstract Defect detection is oneof themost important tasks
and a challenging problem for industrial quality control.
Among the available visual inspection techniques, auto-
matic thresholding is a commonly used approach for defect
detection because of the simplicity in terms of its imple-
mentation and computing. In this paper, we propose an
automatic thresholding technique, which is an improvement
in Otsu’s method, using an entropy weighting scheme. The
proposed method enables the detection of extremely small
defect regions compared to the product surface area. Experi-
mental results confirm the efficiency of the proposed system
over other techniques.

Keywords Automatic thresholding · Nondestructive
testing · Defect detection · Entropy

1 Introduction

Every day enormous volumes of goods are produced. This is a
consequence of the availability of advanced technologies and
the rapid growth of industrial production. Large-scale pro-
duction has mademanual defect detection infeasible because
of the vast amount of production that must be inspected in
a short time period. Therefore, research on machine-assisted
defect detection systems has attracted a considerable amount
of attention recently. The two primary types of inspection
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techniques are destructive and nondestructive testing. In
destructive testing, the materials or products are disman-
tled to examine their physical properties such as strength,
robustness, and durability. Destructive testing methods are
also used for determining design weaknesses or revealing
hidden defects that cannot be detected by other means. In
contrast to destructive testing, nondestructive testing (NDT)
is a group of inspection techniques used to examine the
properties of articles or identify defects without altering the
original characteristics or causing damage. Because products
can function normally after being inspected, NDT is a prefer-
able method that can save both time and money in defect
detection. Common NDT methods are ultrasonic, thermo-
graphic, infrared thermography, visual or visual inspection,
liquid penetrant, and magnetic particle testing (Gholizadeh
2016).

Among the common NDT methods, visual inspection is
highly preferable because it is a high-speed process and does
not require complex equipment. In this method, cameras,
scanners, and sensors are used to create visual representa-
tions of the materials or products. Then, computer vision
algorithms or imaging processing techniques are used to
detect the defects from the acquired visual data. Several
visual inspection methods have been published and applied
successfully (Shankar and Zhong 2005; Ng 2006; Asha et al.
2012; Bhajantri et al. 2013;Uddin et al. 2014), demonstrating
the potential of this research trend. Different algorithms can
be applied for inspecting different kinds of product such as
fabrics, paper, foils, or steel. However, the majority of these
algorithms are high complexity (Tolba and Raafat 2015),
implying that they require long execution time to complete
the inspection process. Therefore, there is a requirement for
fast and automatic algorithms that can produce acceptable
results for several types of product without manual tuning.
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One of the promising approaches for developing such meth-
ods is automatic thresholding.

Automatic thresholding has been widely used not only
in automated visual quality inspection systems, but also in
many other areas of computer vision such as segmentation
(Al-Tairi et al. 2014), edge detection (Verma et al. 2013),
and movement analysis (Hussain et al. 2012). In this image
analysis technique, an optimal threshold value is automati-
cally selected for partitioning an image into a background
and a set of objects of interest, that is, it separates objects
from the background by converting grayscale images into
k-ary images. Automatic thresholding is a simple and effec-
tive technique; for this reason, it has various applications in
image processing. Because a considerable number of auto-
matic thresholding methods have been developed, several
surveys for well-known techniques have been conducted.
Comprehensive reviews are presented in (Sezgin and Sankur
2004) and (Chaki et al 2014).

Otsu’s method, a state-of-the-art automatic thresholding
technique, is the basis for several automatic defect detec-
tion proposals. It determines optimal threshold values that
maximize the between-class variances of the foreground
and background. Studies demonstrate that Otsu’s method is
effective for thresholding a histogram with bimodal or mul-
timodal distribution. Otsu’s method fails if the histogram
is unimodal or almost unimodal (Ng 2006). Therefore, it
provides acceptable results for thresholding general real-life
images and fails when being applied in visual inspection sys-
tems because of the nature of the input images. Real-life
image histograms typically have multimodal distributions
because the objects are usually large compared with the
image size. This property enablesOtsu’smethod to determine
the optimal thresholds more easily. However, the histograms
of images obtained from visual inspection systems gener-
ally have unimodal distributions because of the uniformity
in luminance and size of the defect regions, which prevents
Otsu’s method from identifying the desired threshold val-
ues.

Several improvements have been proposed for the pur-
pose of overcoming this drawback of Otsu’s method in
defect detection. Although these improvements have demon-
strated their efficiency, they can fail in some cases, especially
when detecting micro-sized defects. Moreover, some meth-
ods require parameters that must be assigned manually.
For this reason, such methods are not robust when being
applied in different inspection systems. In this research
work, we propose a novel visual inspection algorithm that
is an improvement to Otsu’s method. Our proposal uses the
entropy theory and does not require user input parameters.
The algorithm is fully automatic and capable of detecting
extremely small defect regions compared to the product sur-
face area.

2 Otsu’s method and its improvement

In this section, we provide a summary and brief analysis of
Otsu’s method (Otsu 1979), an automatic clustering-based
image thresholding technique. Otsu’s method remains one of
themost frequently referenced thresholding techniques (Sez-
gin and Sankur 2004). We also introduce variants of Otsu’s
method that have been developed for defect detection.

Let I = f (x, y) be a digital image, where f is an intensity
function. The value of f (x, y) is the gray value of the pixel
at location (x, y), which lies in the interval [0, L −1], where
L is the number of gray levels. Let the number of pixels with
gray value i be ni and N be the total number of pixels in I .
The histogram is considered a probability distribution:

pi = ni
N

(1)

Then, the average gray value of I is:

μI =
L−1∑

i=0

i pi (2)

As a result of thresholding, the pixels of I are divided
into two classes, C1 = {(x, y) | 0 ≤ f (x, y) ≤ k} and
C2 = {(x, y) | k + 1 ≤ f (x, y) ≤ L − 1}, where k is
the selected threshold value. Normally, C1 is the foreground
and C2 is the background, or vice versa. The probability of
class occurrence and the average gray value of each class are,
respectively, computed as

ω1(k) =
k∑

i=0

pi , ω2(k) =
L−1∑

i=k+1

pi (3)

and

μ1(k) =
k∑

i=0

i pi
ω1(k)

, μ2(k) =
L−1∑

i=k+1

i pi
ω2(k)

(4)

In Otsu’s method, the performance of the result thresh-
old is measured by considering the distinction between the
foreground and background. Using this criterion, the optimal
threshold k∗ must maximize between-class variance:

k∗ = argmax
0≤k≤L−1

{ω1(k)(μ1(k) − μI )
2 + ω2(k)(μ2(k) − μI )

2}
(5)

Another equivalent formula for calculating the optimal
threshold is given in (Liao et al. 2001). This formula is sim-
pler than the original:

k∗ = argmax
0≤k≤L−1

{ω1(k)μ
2
1(k) + ω2(k)μ

2
2(k)} (6)
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Otsu’s method produces acceptable results when objects
in the images are large and sufficiently different from the
background. More specifically, it works for images whose
histograms have bimodal or multimodal distributions. The
histograms of images from a visual inspection system, how-
ever, appear to be unimodal because the defect regions are
small compared with the image size. This prevents Otsu’s
method from determining the optimal thresholds. Therefore,
Otsu’s method is not appropriate for defect detection.

Several improvements to Otsu’s method for defect detec-
tion have been proposed. The basic idea is the addition of
a weight W to the objective function (6) for adjusting the
output threshold:

k∗ = argmax
0≤k≤L−1

{W (ω1(k)μ
2
1(k) + ω2(k)μ

2
2(k))} (7)

The earliest weighting scheme for Otsu’s method was the
valley-emphasis method (Ng 2006):

k∗ = argmax
0≤k≤L−1

{(1 − pk)(ω1(k)μ
2
1(k) + ω2(k)μ

2
2(k))} (8)

where theweightW is 1− pk . The key of the valley-emphasis
method is the complement of probability of occurrence (1−
pk). The smaller the value of pk (i.e., the lower the probability
of occurrence of gray value k), the larger theweight becomes.
This weight ensures that the output threshold will always
be in the valley or bottom rim of the histogram, hence the
name “valley-emphasis.” Figure 1 indicates the efficiency of
the valley-emphasis method over Otsu’s method in defect
detection. The selected thresholds are marked by vertical red
lines. The original image (Fig. 1a) was acquired from (Ng
2006) through Rightslink®, and the results were produced by
our implementation.

Following the proposal of the valley-emphasis method, a
number of weighting schemes for Otsu’s method that also
use the probability of occurrence were proposed (Fan and
Lei 2012; Ng et al. 2013). There is also a weighting scheme
based on Fisher’s linear discriminant analysis (LDA) (Liu
et al. 2014). Figure 2 indicates thresholding results from our
implementations of aforementioned methods. The original
image (Fig. 2a) was acquired from (Liu et al. 2014), and it
was published underCreativeCommonsAttributionLicense.

Even though these methods have significantly increased
the accuracy of defect detection, as illustrated in Fig. 2, their
performance is not stable. Moreover, in some methods, the
usermust choose appropriate parameters to obtain acceptable
results. In the following section, we introduce a new weight-
ing scheme to improve the performance of Otsu’s method
without the requirement of tuning or assigning parameters.

Fig. 1 Capability of the valley-emphasis method in defect detection.
a Original image. b Result from Otsu’s method. c Threshold from
Otsu’s method. d Result from valley-emphasis method. e Threshold
from valley-emphasis method
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Fig. 2 Result comparison between thresholding methods in defect
detection. a Original image. b Otsu’s method. c Valley-emphasis. d
Fisher’s LDA

3 Improving Otsu’s method using entropy

Image entropy is a statistical measure of randomness that
can be used to represent the characteristics of an image.
Low-entropy images haveminimal information and typically
contain long series of pixels that have similar intensity val-
ues. An image whose pixels all have the same gray value will
have zero entropy.

In the proposed entropy-based weighting scheme, we use
the entropy calculationproposed in (Kapur et al. 1985).Given
a gray value k, the a posteriori entropy of an image is defined
by:

H ′
n = −Pk ln Pk − (1 − Pk) ln(1 − Pk) (9)

where

Pk =
k∑

i=0

pi , 1 − Pk =
L−1∑

i=k+1

pi (10)

If we maximize H ′
n , we obtain a trivial result:

Pk = 1 − Pk = 1

2
(11)

As proposed in (Kapur et al. 1985), this problem is solved
by using an objective function:

ψ(k) = ln Pk(1 − Pk) + Hk

Pk
+ Hn − Hk

1 − Pk
(12)

where

Hk = −
k∑

i=0

pi ln pi , Hn = −
L−1∑

i=0

pi ln pi (13)

The gray value k, which maximizes ψ(k), can be used as the
threshold value because it maximizes the distinction between
the object and the background in the picture. However, if the
distributions of the object and the background are uniform,
then (12) is equivalent to

ψ(k) = ln k(L − 1 − k) (14)

and reaches themaximumwhen k = 1
2 (L−1). This property

is a drawback when being applied to product surface defect
detection. It decreases the adaptability of the defect detection
algorithmbecause the distributions of product surface images
are typically uniform, as indicated in Fig. 3.

To overcome this drawback, we combine the entropy
objective function ψ(k) with Otsu’s method, i.e., replace W
by ψ(k) in (7), to create a new objective function:

k∗ = argmax
0≤k≤L−1

{ψ(k)(ω1(k)μ
2
1(k) + ω2(k)μ

2
2(k))} (15)

Fig. 3 Sample wafer surface (top) and its corresponding histogram
(bottom)
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Fig. 4 Performance of proposedmethod for trivial cases. a Using sam-
ple from Fig. 1. b Using sample from Fig. 2

We obtain the value of k∗ as the optimal value for threshold
selection. The primary concept of the proposed weight-
ing scheme for Otsu’s method is simultaneously max-
imizing the image entropy and the between-class vari-
ance of the thresholded image. In visual inspection, we
attempt to reveal as many defect regions as possible.
Because defect regions are extremely small compared with
the product surface area and appear to be random, the
threshold that maximizes the image entropy also max-
imizes the number of revealed pixels from the defect
regions.

4 Experimental results

In this section, we demonstrate the effectiveness of the pro-
posed method in defect detection. Furthermore, we used our
own implementations of Otsu’s method and four weighting
schemes from (Ng 2006; Fan and Lei 2012; Ng et al. 2013;
Liu et al. 2014) for performance comparison. All six meth-
ods, including ours, were evaluated using a set of images.
Then, we compared the thresholding results produced by

the six methods. In methods that require assigning param-
eters, we used the recommended parameters given by their
authors.

Figure 4 illustrates the performance of the proposed
method in trivial cases of defect detection. The thresh-
olding results produced by the proposed method were as
effective as the results from the other methods, which
are indicated in Figs. 1 and 2. The experiment also con-
firms that the proposed weighting scheme is robust when
being applied in various types of product surface pat-
terns.

Figure 5a displays the sample test image, which has
several defect regions, for comparison of the different meth-
ods. Figure 5b–g shows the thresholding results from the
six mentioned methods. We can observe that the out-
put threshold value from the proposed method reveals
other defect regions apart from the clearly visible regions,
whereas the other methods fail or detect only the obvi-
ous region. Figure 6 displays the magnified region that
is marked by a white rectangle in Fig. 5a. In this figure,
the results from Otsu’s method and the Gaussian-weight
valley-emphasis method are not included because they are
not viable for detecting defect regions in the sample test
image.

For further evaluation, we used another set of ten same-
sized images of wafer surfaces whose resolution was 3000×
1500 pixels; the number of gray levels was L = 256.
The images used in this experiment were acquired from an
automated optical inspection system. In each image, there
were several defect regions that were extremely small com-
pared to the size of the image. The results are presented
in Tables 1 and 2. As indicated in the tables, the num-
ber of defect regions detected by the proposed method is
higher than that of the other methods. Furthermore, the out-
put thresholds from the proposed method have the lowest
deviation,whereas the output thresholds from the othermeth-
ods vary significantly. This indicated the stability of our
system when being applied to data produced by the same
system.

5 Conclusion

Visual inspection is a commonly used nondestructive test-
ing method because it does not require complex equipment;
automatic thresholding is one of its promising approaches.
Recently, several improved versions of Otsu’s method,
an automatic clustering-based thresholding technique, have
been developed to enhance its performance in defect detec-
tion. In this research work, we proposed a novel visual
inspection algorithm, an improvement to Otsu’s method.
Our proposal uses entropy theory and does not require man-
ual parameter tuning. The algorithm is fully automatic and
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Fig. 5 Results of defect
detection using various
methods. a Sample test image. b
Proposed method. c Otsu’s
method. d Valley-emphasis. e
Neighborhood valley-emphasis,
11 neighbors. f Gaussian-weight
valley-emphasis, σ = 5. g
Fisher’s LDA

Fig. 6 Results of defect
detection (magnified). a
Proposed method. b
Valley-emphasis. c
Neighborhood valley-emphasis.
d Fisher’s LDA
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Table 1 Pixel counts of defect regions

Image
no.

Proposed
method

Valley-
emphasis

Neighbor
VE

Fisher’s
LDA

1 1032 3 3 3

2 67 54 0 0

3 149 2 0 0

4 52 9 0 0

5 179 114 115 114

6 382 1 0 0

7 78 67 37 67

8 1021 662 629 662

9 39 3 3 3

10 15 1 0 0

Table 2 Output thresholds

Image
no.

Proposed
method

Valley-
emphasis

Neighbor
VE

Fisher’s
LDA

1 61 53 53 53

2 85 87 110 105

3 82 99 107 102

4 83 90 119 114

5 85 102 101 102

6 82 103 112 107

7 84 89 102 89

8 87 119 123 119

9 60 57 57 57

10 83 87 95 90

SD 9.97 20.25 24.10 22.44

capable of detecting extremely small defect regions com-
pared with the product surface area. Moreover, because of
the simplicity in calculation, the proposed method can be
used for real-time processing and deployed in embedded
systems that have limited computational resource. Several
experiments were conducted comparing existing methods
and the proposed method. In these experiments, the num-
ber of defect regions that the proposed method detected was
greater than that of the other methods. Moreover, the output
thresholds from the proposed method have the lowest devi-
ation, implying the stability of the proposed method. The
experimental results confirmed the efficiency of the proposed
method over other techniques in surface defect detection.
For future research, we will conduct a deeper examina-
tion of the entropy characteristics of visual data to enhance
the performance of the entropy-based defect detection
algorithm.
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