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Abstract:  Measures against deterioration of infrastructures that were built during the high economic 

growth period are facing significant challenges with regard to the maintenance of infrastructures in Japan. 

The development of optimal nondestructive sensing and imaging technology according to the material 

and structure of buildings is underway to contribute to efficient and reliable maintenance of 

infrastructures. However, owing to the large number of materials and structures used for buildings, as 

well as the types of defects to be targeted, many basic studies are yet to reach the stage of practical use. 

In this study, we developed a magneto-optical (MO) sensor in order to visualize a “crack” in the plant 

steel structure and automatically detected the defects in the plant steel structure by performing deep 

learning on the MO image obtained. As a pretreatment for detecting anomalies in defects using the AI, 

we focused on the nondestructive inspection using MO imaging and performed an unprecedented image 

filter processing. As a result, automatically evaluation the several types of MO images using AI, the 

accuracy of defection identification was improved. 

 

Keywords: artificial intelligence; variational autoencoder, nondestructive inspection; magneto-optical 

imaging 

 

I. INTRODUCTION 

 

easures against deterioration of infrastructures that 

were built during the high economic growth period 

are facing significant challenges with regard to the 

maintenance of infrastructures in Japan. Particularly, in 

response to the ongoing reconstruction and renovation of 

infrastructure buildings, introducing the latest 

technology to quantitatively evaluate the life expectancy 

of the structures is strongly required. The situation 

allows no time to spare. Given this background, the 

development of optimal nondestructive sensing and 

imaging technology according to the material and 

structure of buildings is underway to contribute to 

efficient and reliable maintenance of infrastructures. 

However, owing to the large number of materials and 

structures used for buildings, as well as the types of 

defects to be targeted, many basic studies are yet to reach 

the stage of practical use. In nondestructive inspection of 

plant steel structures, skilled and experienced engineers 

judge defects based on images and electrical signals 

obtained. The authors are conducting a research on 

innovative nondestructive inspection and have 

confirmed visualization of defects by a magneto-optical 
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(MO) imaging [1]-[12], which is based on the MO effect 

[13]. Deep learning is highly useful method in image 

processing. By performing deep learning on images 

obtained from nondestructive inspection using MO 

imaging, defects of steel can be automatically evaluated, 

which was earlier done by experienced engineers. In this 

study, we developed a technology that used an MO 

element as a sensor to visualize a “crack” in the plant 

steel structure and automatically detected the defects in 

the plant steel structure by performing deep learning on 

the MO image obtained. By defects evaluation in the 

plant steel structures with artificial intelligence (AI), the 

work is automated, which contributes to extending the 

life expectancy of social capital structures in terms of 

reliability, or whether they need repair.  RGB images 

obtained using a camera have a lot of noise, and if defects 

are evaluated using AI for these images as they are, 

probability of errors in defect detection is high. As a 

pretreatment for detecting anomalies in defects using the 

AI, we focused on the nondestructive inspection using 

MO imaging and performed an unprecedented image 

filter processing. By automatically evaluation the MO 

images using AI thereafter, the accuracy of defection 

identification was improved. In this paper, we report on 

the characteristics of the automatic evaluation with the 

AI of the MO images obtained from several types of MO 

elements with varying properties. 

 

II.   NON-DESTRUCTIVE INSPECTION 

USING A MAGNETO-OPTICAL IMAGING 

SENSOR 

 

A. Characteristics of the magneto-optical 

imaging sensor 

The MO effect is a phenomenon where the 

polarization plane of light traveling in a magnetic 

material that is magnetized rotates. For this phenomenon, 

the relationship between magnitude of magnetization 

and rotation angle of the polarization plane is shown in 

(1). 

 

θF＝F×(M / MS)×L                          (1) 

 

where θF is rotation angle of the polarization plane, 

MS is saturation magnetization of the MO element, M is 

the magnitude of magnetization parallel to the traveling 

direction of light, and L is the distance that light 

penetrates in the magnetic material (film-thickness of the 

element). F is called a Faraday rotation coefficient, 

which is a value specific to the material.  

From Equation (1), it can be seen that the larger the 

magnetization value is, the large the rotation angle of the 

polarization plane becomes. In other words, the larger a 

magnetic field applied from the outside becomes, the 

greater the influence of the MO effect becomes. When a 

defect exists on the surface of a test subject, the magnetic 

field leaks in the vicinity of the defect when the object is 

excited. In the MO imaging, the MO element is used as 

a magnetic field sensor to sense the magnetic field 

leaking from the defect. Regarding the material for the 

MO element, a thin film of magnetic garnet [14]-[15], 

which is a ferromagnetic material, is generally used. In 

this study, we used bismuth-substituted yttrium iron 

garnet (Bi:YIG). 

The rotation angle of the polarization plane cannot 

be seen directly. However, by arranging two polarizers 

in a crossed Nicols configuration in a way that they 

sandwich the MO element, the rotation angle can be 

converted to light intensity. In other words, the rotation 

angle can be seen as the brightness of the image. The 

relationship between the rotation angle of the 

polarization plane and the light intensity (I) is shown in 

(2). 

 

I=Iin×R×sin2θF                                             (2) 

 

where Iin is the intensity of incident light, R is the 

reflectance of the MO element, and θF is the rotation 

angle of the polarization plane. 

 

The rotation angle of the polarization plane differs 

between places where the magnetic field leaks and places 

where it does not. Thus, by generating an image as the 

difference in brightness (contrast) via the MO effect, the 

MO imaging can be used for the nondestructive 

inspection. The spatial resolution of the MO imaging 

depends on the size of the magnetic domain of the MO 

element used as the sensor. Because the magnetic 

domain can be miniaturized up to the order of 

nanometers, it has a feature that high spatial resolution, 

in the order of micrometers, can be obtained by capturing 

images with a microscope. This is fast and easy because 

it tests an electromagnetic phenomenon two-

dimensionally using light and, and is therefore a useful 

method for the deep learning with the image processing.  

In this study, we prepared the following three types 

of MO elements with differing characteristics for the 

automatic evaluation using the AI. 

1) Multilayer film–high spatial resolution type 

2) Single-layer film– low-remanence type  

3) Single-layer film– high-remanence type 
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The high spatial resolution MO element is a 

multilayer film that uses a magnetophotonic crystal 

(MPC) [16]-[21]. MPC has a multilayered film structure 

wherein parts of the periodic structure of a photonic 

crystal are replaced with the magnetic film layers. It is 

an artificial magnetic lattice that combines the magnetic 

film layers and dielectric thin film layers in a cycle 

approximate to the wavelength of light. Even if the 

magnetic layer is a thin film, a large MO effect is 

exhibited. Therefore, obtaining a MO image with high 

spatial resolution is possible. Two types of transparent 

thin layer films with different refractive indexes are used 

for the dielectric multilayer film. In this study, we used 

SiO2 as the low-refractive material, and Ta2O5 as the 

high-refractive material. 

A high-frequency ion beam sputtering method was 

used to make the Bi:YIG magnetic film layer. A sintered 

body of a material into which a large amount of Bi was 

substituted, i.e., Bi1.5Dy1.0Y1.0Fe3.8Al1.2OX, (4-inch in 

diameter, 5 mm in thickness) was used for a target. We 

used a 1-inch substituted 

gadolinium/gadolinium/gallium substrate. Argon was 

used as a sputtering gas; oxygen was introduced into the 

chamber (oxygen blow). After the film was formed, a 

rapid heating and quenching crystallization thermal 

treatment was conducted at 700 deg.C for 15 minutes 

under atmospheric pressure using a tubular electric 

furnace. The result of composition analysis using an 

energy dispersive X-ray analyzer showed that the 

chemical composition after the thermal treatment was 

Bi1.36Dy1.07Y0.57Fe3.7Al1.3O12. Meanwhile, the dielectric 

multilayer film was prepared under the same conditions 

as for Bi:YIG using a high-frequency ion beam 

sputtering method. 

A low-remanence MO element is a single-layer thin 

film, in which the magnetic layer has a uniaxial 

anisotropy in the direction parallel to the plane. The MO 

imaging detects the magnetic field leaked from the defect 

in the vertical direction; therefore, the remanent 

magnetization in the vertical direction of this MO 

element is small, thereby capturing the MO image with 

less noise. 

On the other hand, a high-remanence MO element is 

a single-layer film, in which the magnetic layer has the 

uniaxial anisotropy in the direction perpendicular to the 

plane. The MO element is highly sensitive to a stray field 

leaking vertically from the defect and is greatly affected 

by a noise from a remanent magnetization. For both 

single-layer films, we used the MO elements prepared by 

metal-organic decomposition [22]-[24] purchased from 

“Off-Diagonal” Co., Ltd.. 

 

B. Magneto-optical imaging method 

For the MO imaging using the high spatial resolution 

type MO element, the MO images were taken using a 

polarization spectroscopic microscope to make the best 

use of its resolution. Fig. 1 shows a schematic diagram 

of the MO imaging optical system. 

 

 

 
Fig. 1 Schematic diagram of the MO imaging optical 

system Ⅰ. (For capturing the high spatial resolution 

element) 

 

The MO element was arranged on the surface of the 

subject as a sensor for the leaking magnetic field. We 

used a white xenon lamp as the light source and set the 

wavelength at 532 nm with a spectroscope. This was the 

resonance wavelength of MPC, at which high sensitivity 

can be achieved.  

The light that was converted to linearly polarized 

light through the polarizer was reflected by a half mirror 

and irradiated toward the MO sensor installed on the 

surface of the object. The light reflected from the MO 

sensor was converted to light intensity when it passed 

through the analyzer arranged in crossed Nicols 

configuration. Finally, a charge-coupled device image 

sensor captured the MO image. The magnification of the 

objective lens we used was 4. 

Meanwhile, we used a direct current coil to excite the 

object and controlled the intensity of the excitation with 

the current. The number of turns of the coil was 351, and 

it was set so that the magnetic field of 100 Oe could be 

obtained with the current of 1 A. 

For the MO imaging using the low-remanence and 

the high-remanence MO elements, we used a smartphone 

for convenience. Fig. 2 shows the schematic diagram of 

the optical system. We used a white LED panel as the 
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light source, and the light that were converted to linearly 

polarized light through the polarizer.  

The light applied to the object was reflected by the 

MO element and passed through the analyzer. When the 

light passed through the analyzer, the rotation angle of 

its polarization plane was converted to the light intensity. 

Finally, the MO image was captured with the 

complementary metal oxide semiconductor image sensor 

installed in the smartphone. 

 

 
Fig. 2 Schematic diagram of the MO imaging optical 

system II. (In the case of the low-remanence and the 

high-remanence elements) 

 

A neodymium magnet was used to excite the test 

subject, and the intensity of excitation was controlled 

with the number of magnets. Fig. 3 shows the results of 

the MO imaging taken with the low-remanence MO 

element using the optimal system shown in Fig. 2. The 

schematic diagram of the surface of a SS400 steel sheet 

we used as the test subject is shown in Fig. 3 (a). The test 

subject was square-shaped with the size of 10 mm × 10 

mm. A slit with 0.5 mm width was made in the center as 

the defect. Six 0.42 T neodymium magnets were 

installed as shown in Fig. 3 (a) to excite the test subject. 

The obtained MO image is shown in Fig. 3 (b). A bright-

dark contrast can be observed at the location of the slit 

on the surface of the MO element, indicating that the 

defect was visualized. 

 

III.   EVALUATION OF DEFECT IN 

MAGNETOOPTICAL IMAGES USING A 

DEEP MODEL 

 

We used a variational autoencoder (VAE) [25] as the 

algorithm of a deep generative model for image 

processing. Fig. 4 shows the VAE’s learning of the MO 

images and detection of anomalies. Defection-free MO 

images were learned as the training data to obtain a deep 

generative model. The MO images with defects were 

used as the test data next. When MO images with defects 

that have never been learned is input, only the defective 

part becomes inconsistent. Then, the difference can be 

extracted. A heat map is created based on the coordinates 

obtained. 

 

 

III. Implementation of the deep generative model 

A detection method for anomaly with the deep 

generative model was applied to the MO image. The 

learning model was constructed by using TensorFlow at  

 
(a) Appearance of the test subject          (b) MO image 

Fig. 3 MO images taken using the optical system  

in Fig. 2 

 

 
Fig. 4 Learning with the variational autoencoder and 

detection of anomaly in MO image 

 

the backend of Keras–a deep learning library of Python. 

The actual test piece was used as the original data set, 

and both defective and non-defective MO images were 

used. 

 

IV. Acquiring the MO image for defects 

evaluation 

For “scratch”–a defection detection item, the slit 

defect with the width of 0.15 mm and the depth of 6 mm. 

The test subject was a SS400 steel plate. Fig. 5 (a) shows 

an optical image of the surface captured directly by a 

smartphone camera. The line visible in the center is the 

slit defect. Lines were drawn on the left and the right of 

the slit as noises. Since information other than the scratch 
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such as dirt is also visualized in the optical image, that 

causes the noise, making automatic judgment by the AI 

difficult. The MO image taken using the high-remanence 

MO element is shown in Fig. 5 (b). Since the magnetic 

field leaked from the defect is visualized in the MO 

image, information such as dirt is filtered. This makes it 

possible to visualize the defect signal only; this is 

advantageous for the automatic evaluation with the AI. 

 

 
(a) Optical image                           (b) MO image 

 

Fig.5 Comparison of the optical image  

and the MO image 

 

Fig. 6 shows the MO images captured with the high 

spatial resolution MO element. For this experiment, the 

width and depth of the slit were set to 0.15 mm and 1 

mm, respectively, to demonstrate that the high spatial 

resolution element can detect minute defects. Fig. 6 (a) 

shows the MO image of the surface of SS400 steel 

without the defect, and Fig. 6 (b) shows the MO image 

with the slit defect. It can be observed that it was able to 

detect the defect based on the white bright spots at both 

the ends of the slit. 

 

    
(a) No defect                              (b) Slit defect 

 

Fig.6 MO images for no defect and slit defect  

with high spatial resolution MO element 

 

Fig. 7 shows the MO images captured with the low-

remanence MO element. Fig. 7 (a) shows the MO image 

of the surface of SS400 steel without the defect, and Fig. 

7 (b) shows the MO image with the slit defect. There was 

a bright/dark contrast at the location of the slit.  

 

Fig. 8 shows the MO images captured with the high-

remanence MO element. Fig. 8 (a) shows the MO image 

of the surface of SS400 steel without the defect, and Fig. 

8 (b) shows the MO image with the slit defect. Similar to 

the previous results, there was a bright/dark contrast at 

the location of the slit, indicating that defects can be 

visualized with MO imaging for all three types of MO 

elements tested. 

 

 

V. Defects evaluation using a deep generative 

model  

Defects evaluation with deep generative model was 

performed using the MO images with the high spatial 

resolution, the low remanence, and the high-remanence 

MO elements obtained in the previous section as the 

input images. For the training data, 100,000 images were 

prepared by cutting out 8 × 8 images from 28 × 28 MO 

images without defects.  

For the test data, we used a 28 × 28 MO image with 

a 0.15 mm wide slit defect taken using the high spatial 

resolution MO element. Regarding the heat map for 

visualizing the anomalous section, an 8 × 8 small 

window was scanned vertically and horizontally with 2-

pixel increments on the original 28 × 28 image and 

accumulated. The input MO image was 8-bit grayscale 

image.  

Fig. 9 shows the heat map of the degree of anomaly 

for the MO image taken using the high spatial resolution 

MO element. The degree of anomaly was high at the 

location of the slit.  

Fig. 10 shows the heat map of the degree of anomaly 

for the MO image taken using the low-remanence MO 

element. The degree of anomaly was higher when the 

defect was present; however, it was high overall. 

 

 

 
(a) No defect                             (b) Slit defect 

 

Fig.7 MO images for no defect and slit defect 

with high spatial resolution MO element 
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(a) No defect                              (b) Slit defect 

 

Fig.8 MO images for no defect and slit defect 

with high spatial resolution MO element 

 

 

 

 
Fig.9 Anomaly heat map for high spatial resolution  

MO imaging 

 

 

 
Fig.10 Anomaly heat map for low-remanence  

MO image 

 

 
Fig.11 Anomaly heat map for high-remanence  

MO image 

VI. DISCUSSION 

 

Using the MO images with high spatial resolution, the 

low remanence, and the high-remanence MO elements 

as the input images, defects evaluation was performed 

using the deep generative model. For the high spatial 

resolution MO element and the high-remanence MO 

element, the degree of anomaly was remarkably high in 

the slit defect section. However, for the low-remanence 

MO element, the degree of anomaly was generally high, 

even in areas outside of the slit defect section. There was 

owing to a glare of reflected light on the learning data of 

the MO image without the defect, which affected the 

creation of the training data. 

 

V. CONCLUSION 

 

The purpose of this study was to develop a technology 

that automatically detect defects in a plant steel structure 

by visualizing a “crack” and other defects in the plant 

steel structure using a MO element  as a sensor and 

subsequently deep-learning the MO image obtained. 

Using a deep generative model, we succeeded in defects 

evaluation in the MO images that had slit defects with 

the width of 0.15 mm and the depth of 6 mm. 

In future, considering the definition of the degree of 

anomaly and setting for threshold values for each 

defection item, such as corrosion and scratches, is 

necessary. In addition, it is necessary to further study the 

size of the MO images and computer processing time 

toward developing a non-destructive inspection robot 

that would replace manual inspections.. 
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