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Abstract –To increase flaw detection rate and decrease false alarm rate, this paper proposed an edge-based image 
comparison method to detect flaws on PCB films. The detection procedures can be best described as follows: First, 
histogram equalization is applied to the original image to resolve the problems caused by the variances in illumination. 
Second, the spatial relationship between test image and golden image is obtained using image registration. Third, 
transform golden image to register with tested image using spatial coordinate transformation. Finally, subtract golden 
image from test image to show candidate defects on the result image. The experiment results show that it takes 0.123 
second on average for the developed film inspection system to inspect a 780 X 582 image. 
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1.0. Background 
 
The quality of films plays an important role in the 
manufacturing of a printed circuit board, because 
film production is the first manufacture step in 
making PCB. A defected film will derive defects, 
such as stains, shorts, opens, notches, protrusions, 
pinholes, etc. According to whether reference images 
are available during inspection, automatic visual 
inspection techniques can be classified into three 
main categories: non-referential-based inspection 
methods, referential-based inspection methods, and 
Hybrid inspection methods [1]. As the name implies, 
non-referential-based inspection methods [2,3,4] are 
capable to detect defects without referring to 
standard images. Instead, it uses design rules to 
check defects. In other words, whatever is different 
from the rules is treated as defects. That is the reason 
why the method is also called “DRC” (abbreviation 
of design-rule check). In general, DRC has two 
advantages: high speed and free of huge database. 
However, it is inherently incapable of detecting all 
the defects. For examples, since there is no 
“standard” image to refer to, it cannot tell what 
features are missing from the film. Furthermore, if 
an additional feature appears on the film, and it 
happens to conform to the design rules, then it will 
be treated as a normal feature. Consequently, this 
specific defect will not be noticed. 

Unlike the non-referential-based inspection 
method, referential-based inspection method [5,6,7,8] 
needs a so-called “golden image” to compare with in 
order to locate defects. Therefore, this method also 
called golden template matching (GTM) or golden 
template checking (GTC). Because GTM has a 
standard image to compare with, it is quite simple 
theoretically. Indeed, whatever is different from the 
standard image can be treated as defects. Although 
perfect registration and stable lighting are the two 
prerequisites for GTM, its primary advantage is that 
defects can be checked thoroughly. 

In view of the benefit, the research adopts the 
referential-based inspection method to develop a 
PCB film inspection system for flaw detection. Since 
we use image comparison method to perform flaw 
detection, the following literature surveys will 
emphasize only on the referential approaches. Hong 
et al. [5] uses Gerber data as the referential data for 
comparison. It allows a small amount of 
displacement errors, which corresponds to the range 
for dilation and erosion. Kim et al. [7] proposed a 
PCB inspection system, which uses SAD (Sum of 
Absolute Difference) to register reference and test 
images, and uses shading correction algorithm to 
compensate for the variant in illumination. Zhang [8] 
uses the same template to perform the similarity 
calculation. It has been shown that the coarse-to-fine 
approach is helpful to obtain the best accuracy. 



2.0. Principles of the inspection method 
 
Compare test image with the golden image directly 
is an intuitive way to detect defects. Of all the 
available approaches, image subtraction is the 
simplest method. By subtracting golden image from 
the test image, the result image denotes a defect map 
of the test image. If the result image is a blank image, 
it implies that the tested image is error-free. For that 
reason, image subtraction is the most commonly 
used flaw-detection method.  

XOR is one of the image subtraction techniques. 
By XORing golden and test images, differences 
between them appear in the result image. For 
example, Figs. 1a and 1b represent two images taken 
under the same condition (same lighting and same 
position) and Fig. 1c is their XOR results. 
Accordingly, anything left in Fig. 1c are defects. 
Although XOR is very simple, its successful 
implementation relies on adequate compensation for 
the discrepancies between the two images. Because 
golden and test images are acquired at different time, 
it is difficult to keep all the parameters the same. 
Therefore, even the same film is used; there exists 
slight differences between two sequentially grabbed 
images. Furthermore, positioning test films on the 
stage inevitably cause some position errors. As a 
result, the grabbed images may be different from the 
golden images. Eventually, the discrepancies may 
fail the XOR operation. 

Thus, while using XOR as the approach to detect 
flaws, the two main difficulties need to be 
surmounted are light variant and image registration 
[5,7]. If position difference exists between the two 
images, Figs. 2a and 2b, then XOR operation is 
incapable of detecting defects correctly, as shown in 
Fig. 2c. Similarly, if illumination variance exists 
between the two grabbed images of Figs. 3a and 3b, 
the XOR result of the two images as shown in Fig. 
3c will not be a blank image, even though both 
images have the same contents and are grabbed at 
the same position. Accordingly, before XOR it is 
indispensable to eliminate differences between the 
film to be inspected and the golden template so that 
all the defects can be detected successfully.  

In view of this, in the paper a method for PCB 
defect detection has been presented. The images are 
equalized, registered to reference images and then 
difference images generated which shows the 
defects. 

   
(a)             (b)               (c) 

Figure 1 Result of XOR: (a) Golden image; (b) Test image 
with defects; (c) Difference image (a-b). 

 

   
(a)             (b)             (c) 

Figure 2 The effect of position difference on XOR: (a) 
Golden image; (b) Test image with defects and offset; (c) 

Difference image (a-b). 
 

   
(a)              (b)              (c) 

Figure 3 The effects of lighting difference on XOR: (a) 
Golden image; (b) Test image with different lighting 

condition; (c) Difference image (a-b). 
 

   
(a)              (b)              (c) 

Figure 4 Effect of histogram equalization: (a) Equalized 
image of Fig. 3a; (b) Equalized image of Fig. 3b; (c) 

Difference image (Fig. 4a-Fig.4b). 
 

2.1. Image pre-processing 
 

Due to noises and illumination variation, the grabbed 
images may still differ from one another even the 
same film is used. Thus, the purpose of the 
pre-processing is to resolve the problems by using 
median filtering and histogram equalization. In the 
research, we compared several types of histogram 
equalization method to find out which one has the 
best effect in compensating the lighting variance. 
Through the experiment of several images, it shows 
that the hyperbolic cubic root is the most suitable for 
our research. If the desired distribution type is 



hyperbolic cubic root, then the transfer function, T(f), 
of the histogram equalization is 
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where gmin and gmax specify the range of pixels that 
will be remapped. Pf (f) is the cumulative probability 
distribution of the input image. Usually, Pf(f) can be 
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With reference to Figure 4, where Figs. 4a and 
4b are the equalized images of Figs. 3a and 3b, 
respectively. Fig. 4c is the XOR result of Figs. 4a 
and 4b. As shown, most of the differences between 
the two images resulted from illumination variation 
have been eliminated. 
 
2.2. Image registration 
 
Theoretically, if XOR operation is performed on two 
images that are the same, then we can obtain a blank 
image. Unfortunately, it is not so in the real world 
because no two films can possibly be positioned at 
the same positions precisely. As a result, XOR 
operation may fail because of the position error. The 
process to find the spatial relationship between 
golden and test images and then transform the test 
image back to the golden image is known as image 
registration [9]. Some researchers use correlation to 
register two images, while others use feature 
matching. As the issue of speed is concerned, we 
chose feature matching to register. For easy of 
explanation, the feature matching-based registration 
is divided into four steps: edge object extraction, 
feature extraction, object matching and spatial 
coordinate transformation. The effect of image 
registration is illustrated in Figure 5. Figs. 5a and 5b 
are the golden and test images, respectively. Fig 5c is 
their XOR result. It is clear that without proper 
registration, the XOR result provides no useful 
information. 

 
2.2.1. Edge-object extraction. The current step is to 
use the modified horizontal edge detector, as shown 
in Fig. 6, to extract object’s edges. After binarization 
and erosion, those edges form several objects having 

closed boundaries. We called these objects edge 
objects. Followed by labeling and blob analysis, 
edge objects with areas between 50 and 1000 pixels 
are picked out. Figs. 5d and 5e show the edge-object 
extraction results. As shown five edge objects are 
extracted from golden image and test image, 
respectively. 

 

  
(a)                     (b) 

  
(c)                   (d) 

�! �!
(e)                  (f) 

Figure 5: Image registration results: (a) Golden image; (b) 
Test image; (c) XOR result of Figs. 5a and 5b; (d) and (e) 
show the edge-object extraction results of Figs. 5a and 5b, 

respectively; (f) XOR results of Figs. 5d and 5e. 
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Figure 6: Modified horizontal edge detector. 
 
2.2.2. Feature extraction. Feature extraction aims to 
extract feature from edge objects obtained from 
golden image and test image, respectively. Before 
feature extraction, one must decide what features 
(areas, corners, centroids, intersections, edges, etc.) 
will be used in object matching [10,11]. In this 



research, areas, centroids, second-order moments, 
and relative angles were used. It should be noticed 
that areas and centroids of the edge objects have 
been obtained as by-products of labeling.  

Moment invariants, which are the properties of 
planar objects, imply that some of the moments of 
the planar objects will remain unchanged after 
translation, rotation, and scaling. For a planar digital 
image f(x,y), if its centroid ),( yx is known, then its 
p+qth central moment, mpq, is define as 

� � --=
x y

qp
pq yxfyyxx ),()()(m . (3) 

The most commonly used moments include first-, 
second-, and third-order moments. Besides, some 
moment invariants, which are the combination of 
first-, second-, and third-order moments, are used by 
several researches [12,13]. Experimental results 
show that the two second-order central moments of 
the area, 20m and 02m , are most suitable for the current 
research. So, we also extract the two moments from 
each of the objects. Use the images shown in Figs. 
4a and 4b as an example, the extracted central 
moments are shown in Table 1. In case of several 
similar objects contained in an image, incorrect 
matching may occur. The correctness and robustness 
of the matching process, however, can be increased 
by incorporating the relative angle between two 
objects into the feature vector.  

It is worth noting that, what we have gotten so 
far is two sets of edge objects and their features, 
including areas, centroids, second-order moments, 
and relative angles. As to the correspondence 
between the objects contained in the two sets, it is 
still unknown. 
 
Table 1 Second-order central moments of the edge 

objects extracted from golden and test images. 
Golden Image Test Image Object 

Number m02 m20 m02 m20 
1 432 42837 620 47187 
2 340 42681 198 42990 
3 3306 36840 4318 41501 
4 3849 41686 4244 44247 
5 111570 126571 52907 128091 
 

2.2.3. Object matching. After completion of feature 
extraction, each object in the golden image will be 
uniquely paired with the corresponding object in the 

test image. Areas, centroids, moments, and relative 
angles of the selected objects will serve as the 
features for matching. Given two sets of objects, the 
objective of object matching is to identify 
corresponding object pairs. Let X={xi, i=1,2,…k} 
and Y={yj, j=1,2,…l} represent the sets of objects 
extracted from the golden and test images, 
respectively. Where k and l are the number of object 
contained in sets X and Y, and k and l are not 
necessary equal. Object matching is critical to the 
success of registration. In other words, if object 
correspondence fails, the subsequent spatial 
coordinate transformation will be unlikely to bring 
the two images into registration.  

Corresponding objects between golden and test 
images can be determined using the similarity 
measure. More specifically, object pairs are 
established according to the similarity of the pair of 
objects chosen separately from the two object sets. 
The pair of objects having the highest similarity 
score is matched as an object pair. Since each object 
may possess more than one feature and each feature 
is independent of the others, the vector formed by 
each of the features is called the feature vector. Let 
the i th object of the golden image be denoted byg

io , 

the j th object of the test image denoted byt
jo , the nth 

feature’s value of g
io  denoted by g

niI , , and the mth 

feature’s value of t
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Suppose that n features are extracted from each 
of the edge object, the similarity value of gio with t

jo , 

dij, can be expressed as  
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To decide which object in the test image is the 
best match for g

io , we calculate the similarity value 

for g
io with each of the objects in the test image by 

using Eq. 4, then the best match forg
io is such that 

][ min
1 in

j

nik dd
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Take Fig. 5 as an example, after object matching, 
four object pairs are obtained, as shown in Table 2.  



Table 2. Object matching results 
 Golden Image Test Image 

Centroid Centroid Object 
pairs Object 

x y 
Object 

x’ y’ 
1 1 131 138 1 143 139 
2 3 330 195 3 337 206 
3 4 330 237 4 337 247 
4 5 235 372 5 235 377 
 

2.2.4. Spatial transformation. After corresponding 
objects in the two images have been matched, two 
sets of matched points are obtained: one from the 
golden image, the other from the test image. The 
matched points are the centroids of the matched 
object. The next step is to choose a suitable spatial 
transformation between the two images. Commonly 
used spatial transformation methods include 
rigid-body, affine, and polynomial transformations, 
Aside from positioning errors, variances in 
temperature may cause the size of the film to change. 
Since affine transformation accounts for scale, 
rotation, translation, skew, and differential scaling 
errors, it is an appropriate transformation class for 
the issue at hand. The general affine transformation 
in an image plane can be represented as  
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Here we are mapping from the golden image plane 
coordinates ),( gg yx to test image plane coordinates 

),( tt yx  and 0a , 1a , 2a , 0b , 1b , and 2b  are the six 
parameters of the affine transformation. Since there 
are six parameters to be solved, at least three object 
pairs are needed. In other words, if more than three 
object pairs are available, then the six parameters can 
be solved by plugging the coordinates of the features 
points into Eq. 6, which was derived using least 
square approach [10]. In using Eq.6, we can obtain 
the coordinate transformation matrix t

gT by 

substituting ),( g
i

g
i yx and ),( t

i
t
i yx into Eq. 7. 
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where  
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Use the four matched object pairs listed in Table 2 as 
an example, we can obtain parameters a and b for 
this particular case. 

�I =[-19.08, 1.004, 0.048], �J =[5.69, -0.051, 1.003]. 

The accuracy of the proposed registration method is 
evaluated by RMSE (Root Mean-Square Errors) as 
shown in the following equation: 
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As soon as transformation matrixtgT  relating 

points in the golden image to points in the test image 
is obtained, the golden image can be transformed 
into the corrected golden image using Eq. 6.  

 
2.3. Image subtraction 
 
Finally, subtracting the test image from the corrected 
golden image and taking the absolute value, any 
difference between the corrected golden image and 
the test image remains in the resulting image. 
Theoretically, anything left in the result image can 
be regarded as defects of the test image. However, 
due to the inevasible slightly registration errors, the 
result image may contain edge-artifacts. Therefore, 
we need to take care of those edge lines to prevent 
false alarms. The common practice is to perform the 
opening operation on the result image to eliminate 
those false defects. However, it is worth mentioning 
that, the opening operation should be limited to once 
to avoid it from affecting the accuracy of the line 
width inspection. Besides, defects that are smaller 
than two pixels will disappear after opening, i.e. 
small defects are not detectable. 
 



3.0. Results and discussions 
 

To verify the effectiveness of the registration method 
developed in this research, 200 pairs of images of 
PCB film were tested. To emulate the practical 
inspection process, the intensity of the lighting was 
changed slightly and the 200 pairs of images were 
grabbed from the golden and the test films, 
respectively. It takes 24.6 seconds to complete the 
inspection of the 200 test images, 0.123s per image 
on average. The inspection results show that two of 
the images failed in flaw detection because of 
incorrect object matching. That is, the flaw detection 
rate is 99%. The registration accuracy evaluated by 
RMSE is 0.77 pixels.  

 
3.1. Results 

 
Refer to the flaw detection example as shown in Fig. 
7. Figs. 7a and 7b are the golden and the test image, 
respectively. Fig. 7c is the result of XOR of Figs. 7a 
and 7b. As shown, the result is useless. In addition to 
the real defects, there exist some false defects 
because the two images are not properly registered. 
Fig. 7d is the registered test image. Fig. 7e is the 
difference image of Fig. 7a and 7d. As shown, after 
registration, the result is satisfactory. In other words, 
Fig. 7e contains only defects and some thin edge 
lines because of slightly registration errors. Those 
thin edge lines caused by slight registration error can 
be eliminated by subsequent open operation. Fig. 7f 
is the result of the opening operation on Fig. 7e. 
Figure 8 shows another flaw detection result. 
Similarly, after properly registration using the 
proposed algorithm, the desired defect can be 
isolated successfully. 

 
3.2. Discussions 
 
In this section, the inspection speed, inspection 
accuracy, and some other relative issues of the 
developed method will be compared and discussed. 
First, we found that the reason for the two images 
failed in registration is that there is more than one 
object having extremely similar features. 

As to the inspection speed, a correlation-based 
registration method takes 3 to 4 seconds to register 
and a SAD-based registration method takes 0.5 to 1 
seconds to register. On the other hand, our method 
takes only 0.123 seconds to complete the inspection 

process, including noise removal, equalization, 
edge-object extraction, feature extraction, object 
matching, spatial coordinate transformation, image 
subtraction, and flaw detection. Apparently, our 
method is more efficient than the two methods.  

As to the accuracy, correlation and SAD are 
pixel-based registration methods, i.e., the derived 
offsets (Dx and Dy) for the two images are limited to 
integers. On the other hand, the position difference 
and orientation difference derived here are floating 
points; therefore, the proposed registration algorithm 
is a subpixel-accuracy registration method.  
 
4.0. Conclusions 
 
In summary, the success of referential-based image 
comparison method depends mainly on the stability 
of the lighting and the accuracy of the positioning. 
However, the two requirements are hard to achieve 
under real inspection environment. In this research, 
however, we use histogram equalization and image 
registration techniques to lessen problems caused by 
the two aforementioned difficulties. Although, the 
technique described here looks quite standard, we 
did provide a new approach to generate edge objects 
for matching golden image and test images. The 
experimental results show that the developed 
XOR-based flaw detection system is successful in 
locating defects occurring on PCB films. 
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(a)                   (b) 

  
(c)                    (d) 

  
(e)                      (f) 

Figure 7: Flaw detection results of PCB film image: (a) 
Golden image; (b) Test image; (c) Pre-processed 

difference image (XOR result of Figs. 7a and 7b); (d) 
Equalized and registered test image; (e) Post-registered 
difference image (XOR result of Figs. 7a and 7d); (f) 

Opening result of Fig. 7e. 
 

  
(a)                   (b) 

  
(c)                    (d) 

Figure 8: Flaw detection result of PCB film images: (a) 
Golden image; (b) Test image; (c) Pre-processed 

difference image (XOR result of Figs. 8a and 8b); (d) 
Post-registration difference image. 

 


