








  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 



 

 

 

 

θ = 0,180°

 

 

  

 



 



 





 



 

 



 

 



 





 



 

 



 

 

 





 

 



 

Windings

Core-Type Shell-Type
Core



Core

Windings

Oil

coil lead

conductor

paper insulation

coil cross over





 



 



 



 



 



 

 



𝐿𝑖𝑓𝑒 = 𝑒[
𝐵

𝑇+273
 −𝐴],

𝐴 𝐵

○ 𝐴 = 29 , 𝐵 = 17,749 

○
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𝑢 (𝑟, 𝑡) = 𝑎(𝑟) cos[2𝜋𝜈𝑡 +  𝜑(𝑟)],

𝑎(𝑟) = 𝜑(𝑟) = 𝜈 =

3 × 1011 3 × 1018

1.3 × 1015 1.8 × 1015

 𝑢 (𝑟, 𝑡)

𝑢 (𝑟, 𝑡) = 𝑅𝑒{𝑈(𝑟, 𝑡)} =
1

2
[𝑈(𝑟, 𝑡) + 𝑈∗(𝑟, 𝑡)]

𝑈(𝑟, 𝑡) = 𝑎(𝑟) exp[𝑗𝜑(𝑟)] exp(𝑗2𝜋𝜐𝑡).

 



 𝑈(𝑟) = 𝑎(𝑟) exp[𝑗𝜑(𝑟)] 

𝑈(𝑟, 𝑡) = 𝑈(𝑟) exp(𝑗2𝜋𝜐𝑡).

𝑈(𝑟, 𝑡) 𝑈(𝑟) 

𝜔 = 2𝜋𝜐

exp(𝑗2𝜋𝜐𝑡)

𝐼(𝑟) = |𝑈(𝑟)|2

𝑈1(𝑟)

𝑈2(𝑟)

𝑈(𝑟) =  𝑈1(𝑟) + 𝑈2(𝑟)

𝑢 (𝑟, 𝑡)



𝐼 =  |𝑈|2 =  |𝑈1 +  𝑈2|2 = |𝑈1|2 + |𝑈2|2 +  𝑈1
∗𝑈2 + 𝑈1𝑈2

∗ 

𝐼 =  {|𝑈1 =  √𝐼1 exp(𝑗𝜑1)|}
2

+ {|𝑈2 =  √𝐼2 exp(𝑗𝜑2)|}
2

+ 𝑈1
∗𝑈2 + 𝑈1𝑈2

∗

𝐼 =  𝐼1 + 𝐼2 + 2√𝐼1𝐼2 𝑐𝑜𝑠𝜑

 𝜑 ≜  𝜑2 −  𝜑1

 𝑐𝑜𝑠 𝜑 = 1

 𝑐𝑜𝑠𝜑 = −1



𝑃(𝐼) =
1

< 𝐼 >
exp(

−𝐼

< 𝐼 >
),

 < 𝐼 >



 

10−4 

10−8 
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Impregnated Paper
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Aging Process
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CCD Camera CCD Camera

Paper Sample

Objective Lens

(a) Transmission 
Mode

(b) Reflection 
Mode

θ



 



𝜃 = 25° 

° °

Laser source 

CCD camera 

Sample on holder 

Lens 



 



 





   

       

      

     

   

             

                                

    

  

  
  

 
 

  

  

    

         

        

  

  
  

  
  

 
  

  
 

    

   

     

 
  

  

                     

Optical bread-board Cutting plan 

Optical 

breadboard 



 𝜃 = 45°

Laser source  

Laser source  

Laser source  



 

 



 



CCD camera 

Laser source  

Sample on 
the stage 

opto-mechanical 
structure for 

laser source  

Laser source  

Sample 



 











 

 

 



 

216 = 65536





 



 𝜃 = 0,180°

 𝜃 = 90,270°

𝜃 = 0,180°

4x4 image
1 1 0 2

3 0 1 3

0 0 2 0

2 3 1 3

1 1 2 0

1 1 0 2

1 0 0 1

1 1 0 0

0 1 2 3

0

1

2

3

d =1, θ = 0,180

Gray Level 
Co-occurrence 
Matrix (GLCM)

1 1 0 2

3 0 1 3

0 0 2 0

2 3 1 3

horizontal direction
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𝑟

𝐷

 𝐷 = 40

 𝑟 ≤ 13(≈ 40

3
)

 

𝐹𝐷𝑅 =  
|𝜇1 − 𝜇2|2

𝜎1
2 + 𝜎2

2 ≡
𝑤𝑇𝑆𝐵𝑤

𝑤𝑇𝑆𝑊𝑤



𝜇1, 𝜇2 𝜎1
2, 𝜎2

2

 𝑤  𝑤 𝑚 

𝑆𝐵

𝑆𝑊
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2 Aging Class #
1: 0 hours
2: 120 hours
3: 250 hours
4: 400 hours



 

 





  



 

3 = (4 − 1)



𝑘 = 3, 5, 7



 











 

 

𝑙  𝑙 × 𝑙 (𝑖𝑗)

 "𝑖" 

 "𝑗"

 × 
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Class 1 (new paper)

Class 2 (120 hours aged)

Class 3 (250 hours aged)

Class 4 (400 hours aged)

Class label determined by classifier

Class 1 Class 2 Class 3 Class 4

All the 10 samples of class 1, classified correctly 

Transmission Data

from 3+7=10 samples of class 4, 3 were classified incorrectly 
to class 3 and 7 were classified correctly to class 4.

from 9+1=10 samples of class 3, 9 were classified correctly 
to class 3 and 1 was classified incorrectly to class 4.

from 9+1=10 samples of class 2, 9 were classified correctly 
to class 2 and 1 was classified incorrectly to class 3.
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∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)2

𝑁

𝑗=1

𝑁

𝑖=1

∑ 𝑛2 {∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

}

𝑁

𝑛=1,

 𝑛=|𝑖−𝑗|

(𝜎𝑥𝜎𝑦)
−1

((∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

) − 𝜇𝑥𝜇𝑦),

𝜇𝑥 = ∑ ∑ 𝑖. 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

,

𝜇𝑦 = ∑ ∑ 𝑗. 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

𝜎𝑥 = (∑ ∑(𝑖 − 𝜇)2. 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

)

1
2

 ,

𝜎𝑦 = (∑ ∑(𝑗 − 𝜇)2. 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

)

1
2

∑ ∑(𝑖 − 𝜇)2𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1



∑ ∑
1

1+(𝑖−𝑗)2𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

∑ 𝑖. 𝑝𝑥+𝑦(𝑖)

2𝑁

𝑖=2

𝑝(𝑥+𝑦)(𝑘) = ∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

, 𝑘 = 𝑖 + 𝑗

∑(𝑖 − 𝐹6)2. 𝑝𝑥+𝑦(𝑖)

2𝑁

𝑖=2

− ∑ 𝑝𝑥+𝑦(𝑖) log(𝑝𝑥+𝑦(𝑖))

2𝑁

𝑖=2

− ∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗) log(𝑝(𝑑,𝜃)(𝑖, 𝑗))

𝑁

𝑗=1

𝑁

𝑖=1

∑(𝑖 − 𝐹10
′ )2. 𝑝𝑥−𝑦(𝑖)

𝑁

𝑖=1

𝑝𝑥−𝑦(𝑘) = ∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗),  𝑘 = |𝑖 − 𝑗|

𝑁

𝑗=1

𝑁

𝑖=1

𝐹10
′ = ∑ 𝑖. 𝑝𝑥−𝑦(𝑖)

𝑁

𝑖=1



− ∑ 𝑝𝑥−𝑦(𝑖) log(𝑝𝑥−𝑦(𝑖))

𝑁

𝑖=1

𝐹12 =
𝐻𝑋𝑌 − 𝐻𝑋𝑌1

max (𝐻𝑋, 𝐻𝑌)
,

𝐹13 = (1 − exp [−2(𝐻𝑋𝑌2 − 𝐻𝑋𝑌)]
1
2)

𝑝𝑥(𝑖) = ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑗=1

, 𝑝𝑦(𝑗) = ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗)

𝑁

𝑖=1

𝐻𝑋 = − ∑ 𝑝𝑥(𝑖) log(𝑝𝑥(𝑖))

𝑁

𝑖=1

𝐻𝑌 = − ∑ 𝑝𝑦(𝑖) log(𝑝𝑦(𝑖))

𝑁

𝑖=1

𝐻𝑋𝑌 = − ∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗) log(𝑝(𝑑,𝜃)(𝑖, 𝑗))

𝑁

𝑗=1

𝑁

𝑖=1

𝐻𝑋𝑌1 = − ∑ ∑ 𝑝(𝑑,𝜃)(𝑖, 𝑗) log(𝑝𝑥(𝑖)𝑝𝑦(𝑗))

𝑁

𝑗=1

𝑁

𝑖=1

𝐻𝑋𝑌2 = − ∑ ∑ 𝑝𝑥(𝑖)𝑝𝑦(𝑗) log(𝑝𝑥(𝑖)𝑝𝑦(𝑗))

𝑁

𝑗=1

𝑁

𝑖=1






