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𝑓0

 𝑓0 + 𝑓𝑑 𝑓𝑑

𝑓𝑑 =  
2𝜈𝑧 cos 𝜃

𝑐
 𝑓0

𝜃

𝑐 𝜈𝑧
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𝐸



𝜇 =  𝑐𝑠
2 𝜌

𝑐𝑠 ρ

𝐸 ≈ 3𝜇



(Sebag et al., 2010)

(Bavu et al., 2011)
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λ



 

 

 





𝑥 𝑧 𝑡

𝑠(𝑥, 𝑧, 𝑡) =  𝑠𝑡𝑖𝑠𝑠𝑢𝑒(𝑥, 𝑧, 𝑡) +  𝑠𝑏𝑙𝑜𝑜𝑑 (𝑥, 𝑧, 𝑡)

𝑠𝑡𝑖𝑠𝑠𝑢𝑒(𝑥, 𝑧, 𝑡) 𝑠𝑏𝑙𝑜𝑜𝑑 (𝑥, 𝑧, 𝑡)

 

𝑠(𝑧, 𝑥, 𝑡) 𝑛𝑥 × 𝑛𝑧 × 𝑛𝑡 𝑛𝑥

𝑛𝑧 𝑛𝑡

𝑺

(𝑛𝑧 × 𝑛𝑥 × 𝑛𝑡)

𝑺 = 𝑼∆𝑽

∆ 𝑼 𝑽

𝑺



𝑺

(𝜆𝑖) 𝐴𝑖 , 𝐴𝑖 = 𝑈𝑖 ⊗ 𝑉𝑖

1 < 𝑖 < 50

 51 < 𝑖 < 500

(𝑈(𝑥, 𝑧)) 

 (𝑉(𝑡))

𝜆𝑖 𝐴𝑖

𝑠𝑏𝑙𝑜𝑜𝑑(𝑥, 𝑧, 𝑡) =  𝑠(𝑥, 𝑧, 𝑡) −  𝑠𝑡𝑖𝑠𝑠𝑢𝑒(𝑥, 𝑧, 𝑡)

𝑠𝑡𝑖𝑠𝑠𝑢𝑒(𝑥, 𝑧, 𝑡) =

 ∑ 𝜆𝑖𝑈𝑖(𝑥, 𝑧)𝑉𝑖
𝑟𝑎𝑛𝑘(𝑆)
𝑖=1 (𝑡) 𝜆𝑖



𝑃𝑜𝑤𝑒𝑟 𝐷𝑜𝑝𝑝𝑙𝑒𝑟 =  ∫|𝑠𝑏𝑙𝑜𝑜𝑑(𝑥, 𝑧, 𝑡)|2

 



 

𝑟

𝑟

𝑟 =  
∑ (𝑠𝑏𝑙𝑜𝑜𝑑(𝑡𝑖) −  𝑠̂𝑏𝑙𝑜𝑜𝑑)𝑁𝑡

𝑖 (𝐴(𝑡𝑖) −  𝐴̂)

√∑ (𝑠𝑏𝑙𝑜𝑜𝑑(𝑡𝑖) − 𝑠̂𝑏𝑙𝑜𝑜𝑑)2𝑁𝑡
𝑖=1    √∑ (𝐴(𝑡𝑖) −  𝐴̂)

2𝑁𝑡
𝑖=1

 

𝑟 𝐴(𝑡)

𝑠𝑏𝑙𝑜𝑜𝑑(𝑡)

 



 

𝑟

𝑁𝑡

𝑧

𝑟

𝑧 =  
√𝑁𝑡 − 3

2
∙ 𝑎𝑟𝑐𝑡𝑎𝑛(𝑟)

𝑧 > 3.1  𝑝 < 0.001

𝑟 > 0.41

𝑟 > tanh (
𝑧

√𝑁𝑡 − 3
)

𝒓

 

 



 

 



 

 



𝑟 > 0.41



 



𝑟

𝑟 > 0.41

𝑟𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 ≫ 0.41

 𝑟𝑚𝑒𝑎𝑛 =

0.078 ± 0.030 

 



 



 

 



 













 

 

  

  

  

  

 

 

 

 

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 

 

 



 



 

 



𝑅(𝑚) =
𝑁

𝑁 − 𝑚

∑ 𝑐(𝑖, 𝑖 + 𝑚)𝑁−𝑚
𝑖=1

∑ 𝑐(𝑖, 𝑖)𝑁
𝑖=1

 

 

𝑐(𝑖, 𝑗) = ∑(𝑆𝑖(𝑡) − 𝑆𝑖̅)(𝑆𝑗(𝑡) − 𝑆𝑗̅)

𝑇2

𝑇1

 

c(i, j)

 𝒄(𝒊, 𝒋) [𝑇1  𝑇2]

 𝑖



 





 

𝑑𝑡𝑜𝑡

𝑐𝑐𝑢𝑚
=  

𝑑𝑚𝑒𝑑𝑖𝑢𝑚 1

𝑐𝑚𝑒𝑑𝑖𝑢𝑚 1
+ 

𝑑𝑚𝑒𝑑𝑖𝑢𝑚 2

𝑐𝑚𝑒𝑑𝑖𝑢𝑚 2
+ 

𝑑𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝑐𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝑐𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 =
𝑑𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝑑𝑡𝑜𝑡
𝑐𝑐𝑢𝑚

 −  
𝑑𝑚𝑒𝑑𝑖𝑢𝑚 1
𝑐𝑚𝑒𝑑𝑖𝑢𝑚 1

 −  
𝑑𝑚𝑒𝑑𝑖𝑢𝑚 2
𝑐𝑚𝑒𝑑𝑖𝑢𝑚 2

 



−
1

𝑐
√𝑅2 + 𝑅𝑀

2 − 2𝑅𝑅𝑀(cos(𝜃𝑖 − 𝛼))

𝑐 𝑅 𝑅𝑀

𝑖

𝜃𝑖

𝛼



 



 

 



 



 



 



 



≤ ≥



 



 



 



 



 



𝑐 𝜅

𝜌

𝑐𝐻𝑀 =  √
𝜅𝐻𝑀

𝜌𝐻𝑀
   

𝑐𝑒𝑓𝑓  
𝑡ℎ

𝜑𝑓 𝜌𝑒𝑓𝑓

𝜅𝑒𝑓𝑓

𝜌𝑒𝑓𝑓 =  𝜑𝑓𝜌𝑓 + (1 − 𝜑𝑓) 𝜌𝑙

𝜑𝑓 𝜌𝑓

𝜌𝑙

𝜅𝑒𝑓𝑓

1

𝜅𝑒𝑓𝑓

=  𝜑𝑓

1

𝜅𝑓

+ (1 − 𝜑𝑓)
1

𝜅𝑙

𝜑𝑓

𝜅𝑓 𝜅𝑙

𝜅𝑓 𝜅𝑙

𝑐𝑒𝑓𝑓  
𝑡ℎ =  √

𝜅𝑒𝑓𝑓

𝜌𝑒𝑓𝑓
   =  

√

1

(𝜑𝑓
1
𝜅𝑓

+ (1 −  𝜑𝑓)
1
𝜅𝑙

) (𝜑𝑓𝜌𝑓 + (1 − 𝜑𝑓)𝜌𝑙)

𝜑𝑓 𝜅𝑓 𝜅𝑙

𝜌𝑓 𝜌𝑙

𝑐𝑝𝑎𝑡𝑖𝑒𝑛𝑡

𝑐𝑝𝑎𝑡𝑖𝑒𝑛𝑡 =  √
1

𝑏×𝜑𝑓
2 + 𝑐× 𝜑𝑓 + 𝑑



𝜌𝑓 𝜌𝑙 𝜅𝑓 𝜅𝑙

𝜑𝑓

 𝜑𝑓 = 2𝑃𝐷𝐹𝐹

𝑐𝑝𝑎𝑡𝑖𝑒𝑛𝑡 =  √
1

𝑏×(
2𝑃𝐷𝐹𝐹

100
)

2
 + 𝑐× (

2𝑃𝐷𝐹𝐹

100
) + 𝑑

𝜌𝑓 𝜌𝑙 𝜅𝑓 𝜅𝑙

𝜌𝑓 = 0.79 × 10−3 𝜌𝑙 = 1.3 × 10−3 𝜌𝑓

𝜌𝑙

𝜅𝑓

𝜅𝑙 𝑐𝑓 = 1.48

𝑐𝑙 = 1.60



𝑈𝑆𝜑𝑓

𝑈𝑆𝜑𝑓 =  

−𝑐 + √𝑐2 − 4𝑏 (𝑑 −
1

𝑐𝑝𝑎𝑡𝑖𝑒𝑛𝑡
)

2𝑏

𝑼𝑺𝝋𝒇

𝒄𝒑𝒂𝒕𝒊𝒆𝒏𝒕

𝑈𝑆𝜑𝑓



 

 



 

 

≈

≈

𝑐 ≈ 𝑐



 

≤

′



 





 

 

λ λ 

𝜆/2

𝑑𝑥 = 𝑑𝑧

𝑑𝑥 = 𝜆/10 𝑑𝑥 = 0.67𝑚𝑚 𝑐 = 1540

 𝑑𝑥 ≈ 3.4 𝑐𝑚

𝑑𝑧 ≈ 4.9 𝑐𝑚 𝑓𝑠 = 75𝑀𝐻𝑧 𝑑𝑡 ≈ 13 𝑛𝑠

 𝐵/𝐴 = 0



ρ

𝐻 = 1000
µ𝑥 − µ𝑤𝑎𝑡𝑒𝑟

µ𝑏𝑜𝑛𝑒 − µ𝑤𝑎𝑡𝑒𝑟

µ
𝑥

µ
𝑏𝑜𝑛𝑒

µ
𝑤𝑎𝑡𝑒𝑟

𝜑

µ
𝑥

= 𝜑 µ
𝑤𝑎𝑡𝑒𝑟

+ (1 − 𝜑) µ
𝑏𝑜𝑛𝑒

𝜑 = 1 −
𝐻

1000

ρ

ρ



 





≈ 18 𝑝𝑖𝑥𝑒𝑙𝑠, ≈ 1.1𝑚𝑚)



 

𝑠𝑖(𝑡) 𝑖

𝑠𝑖
ℎ(𝑡) 𝜏𝑖

𝑎𝑖

𝑠𝑖(𝑡) =  𝑎𝑖𝑠𝑖
ℎ(𝑡 − 𝜏𝑖)

𝑎𝑖

𝑎𝑖



𝑎𝑖 =
𝑚𝑎𝑥𝑡{|𝑠𝑖(𝑡)|}

𝑚𝑎𝑥𝑡{|𝑠𝑖
ℎ(𝑡) |}

(
1

𝑎𝑖
)

(𝑎𝑖)

𝑎𝑖 𝑎𝑖

𝑎𝑖

𝑎𝑖



 



(0.3 𝑚𝑚)

 



 



 



′



 





 

 



 



 

 









 









 

 

𝜏𝑀

𝜏𝑀 =  −
1

𝑐
√(𝑥𝑜 − 𝑥)2 + (𝑧𝑜 − 𝑧)2

𝑅𝑑𝜃 = 𝑑𝑥

𝑖

𝜃𝑖 = +𝑖𝑑𝜃

𝑅 sin(𝜃𝑖) − 𝑅𝑀 sin(𝛼)

𝑅 cos(𝜃𝑖) − 𝑅𝑀 cos(𝛼)



𝜏𝑀 =  −
1

𝑐
√(𝑅sin(𝜃𝑖) − 𝑅𝑀 sin(𝛼))2 + (𝑅 cos(𝜃𝑖) − 𝑅𝑀 cos(𝛼))2

𝜏𝑀 =  −
1

𝑐
√

𝑅2𝑠𝑖𝑛2(𝜃𝑖) − 2𝑅𝑅𝑀sin (𝜃𝑖) sin(𝛼)  + 𝑅𝑀
2𝑠𝑖𝑛2(𝛼)

+𝑅2𝑐𝑜𝑠2(𝜃𝑖) − 2𝑅𝑅𝑀cos (𝜃𝑖) cos(𝛼)  + 𝑅𝑀
2𝑐𝑜𝑠2(𝛼)

𝜏𝑀 =  −
1

𝑐
√

𝑅2(𝑠𝑖𝑛2(𝜃𝑖) + 𝑐𝑜𝑠2(𝜃𝑖)) + 𝑅𝑀
2(𝑠𝑖𝑛2(𝛼) + 𝑐𝑜𝑠2(𝛼))

−2𝑅𝑅𝑀(𝑠𝑖𝑛 (𝜃𝑖) 𝑠𝑖𝑛(𝛼) + 𝑐𝑜𝑠 (𝜃𝑖) 𝑐𝑜𝑠(𝛼))

𝑠𝑖𝑛2(𝜃𝑖) + 𝑐𝑜𝑠2(𝜃𝑖) = 1

𝑠𝑖𝑛2(𝛼) + 𝑐𝑜𝑠2(𝛼) = 1

𝑠𝑖𝑛 (𝜃𝑖) 𝑠𝑖𝑛(𝛼) + 𝑐𝑜𝑠(𝜃𝑖) 𝑐𝑜𝑠(𝛼) = 𝑐𝑜𝑠(𝜃𝑖 − 𝛼)

𝝉𝑴 =  −
𝟏

𝒄
√𝑹𝟐 + 𝑹𝑴

𝟐 − 𝟐𝑹𝑹𝑴(𝒄𝒐𝒔(𝜽𝒊 − 𝜶))

𝑇0 =
𝑹𝑴−𝑹

2𝑐

 

𝜌𝑒𝑓𝑓) 𝜅𝑒𝑓𝑓) 𝑐𝑒𝑓𝑓
𝑡ℎ )

𝑐𝑒𝑓𝑓
𝑡ℎ =  √

𝜅𝑒𝑓𝑓

𝜌𝑒𝑓𝑓
 =  

√

1

(𝜑𝑓
1
𝜅𝑓

+ (1 − 𝜑𝑓)
1
𝜅𝑙

) (𝜑𝑓𝜌𝑓 + (1 −  𝜑𝑓)𝜌𝑓)

𝜑𝑓 𝜅𝑓 𝜅𝑙

𝜌𝑓 𝜌𝑙



𝑐𝑒𝑓𝑓
𝑡ℎ =  

√

1

𝜑𝑓
2

𝜌𝑓

𝜅𝑓
+ 𝜑𝑓(1 − 𝜑𝑓)

𝜌𝑙
𝜅𝑓

+ 𝜑𝑓(1 − 𝜑𝑓)
𝜌𝑓

𝜅𝑙
+ (1 − 𝜑𝑓)

2 𝜌𝑙
𝜅𝑙

𝑐𝑒𝑓𝑓
𝑡ℎ =  

√

1

𝜑𝑓
2 (

𝜌𝑓

𝜅𝑓
−

𝜌𝑙
𝜅𝑓

−
𝜌𝑓

𝜅𝑙
+

𝜌𝑙
𝜅𝑙

) + 𝜑𝑓 (
𝜌𝑙
𝜅𝑓

+
𝜌𝑓

𝜅𝑙
− 2

𝜌𝑙
𝜅𝑙

) +
𝜌𝑙
𝜅𝑙

𝒄𝒆𝒇𝒇
𝒕𝒉 = √

𝟏

𝒃×𝝋𝒇
𝟐 + 𝒄× 𝝋𝒇 + 𝒅

𝑏 =
𝜌𝑓

𝜅𝑓
−

𝜌𝑙

𝜅𝑓
−

𝜌𝑓

𝜅𝑙
+

𝜌𝑙

𝜅𝑙
𝑐 =

𝜌𝑙

𝜅𝑓
+

𝜌𝑓

𝜅𝑙
− 2

𝜌𝑙

𝜅𝑙
𝑑 =

𝜌𝑙

𝜅𝑙









 

 





≤







 













 







 









≈



 











 

 






