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Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
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mencionando el autor o autores. Cualquier uso distinto como el lucro, 
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respectivo titular de los Derechos de Autor. 

 

  

 



 



 



 



 



 
 
 
 
 
 
 
 
 
 
 

  



 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



𝝉  

 

≥  

 

 

 

 



 

 





 



 

 

 

 

 

 

 

 

 

 

 



 





 





 

 



 

 

 

→

 𝑢 = (𝑢1, 𝑢2, … , 𝑢𝑛) 𝜖 [0, 1] 𝐶(𝑢) = 0

=

 

≤ [a, b] > 0.

 𝐶( ) 𝜖 =



2 →

 𝐶(𝑢, 0) = 0 𝐶(0, 𝑣) = 0

 

𝐶(𝑢2, 𝑣2) − 𝐶(𝑢2, 𝑣1) − 𝐶(𝑢1, 𝑣2) + 𝐶(𝑢1, 𝑣1) ≥ 0

 𝐶(𝑢, 1) = 𝑢 𝐶(1, 𝑣) = 𝑣

 

𝐶

𝐹𝑋(𝑥1, 𝑥2, … 𝑥𝑛) = 𝐶(𝐹1(𝑥1), 𝐹2(𝑥2), . . . , 𝐹𝑛(𝑥𝑛)) = 𝐶(𝑢1, … 𝑢𝑛)  

𝑈

𝑛 = 2 𝐹𝑋 𝐹

𝐺 𝐶 𝑥 𝑦 ℝ̅

𝐹𝑋(𝑥, y) = 𝐶(F(x), G(y)) = 𝐶(𝑢1, 𝑢2)   

𝑈1 𝐹 𝑋 𝑈2 𝐺 𝑌

𝐹𝑋(𝑥1, … , 𝑥𝑛)



𝑓𝑋(𝑥1, … , 𝑥𝑛) = 𝑐(𝐹1(𝑥1), … , 𝐹𝑑(𝑥𝑛)) ∏ 𝑓𝑖(𝑥𝑖)

𝑛

𝑖=1

= 𝑐(𝑢1, … 𝑢𝑛)

𝑐(𝑢1, … 𝑢𝑛) =
𝜕𝑛𝐶(𝑢1, … , 𝑢𝑛)

𝜕𝑢1 … 𝜕𝑢𝑛
 

 

𝜙(1) = 0 𝜙(0) = ∞

𝐶𝜙(𝑢1, 𝑣2, … , 𝑢𝑛) =  𝜙−1 ( 𝜙(𝑢1) +  𝜙(𝑢2) + ⋯ +  𝜙(𝑢𝑛)  



 

τ) ρ

𝝉

𝐶(𝑢, 𝑣) = Φ2(Φ−1(𝑢), Φ−1(𝑣); 𝜌) 

𝐶(𝑢, 𝑣) = −𝜃−1ln[1 + (𝑒−𝜃𝑢

− 1)(𝑒−𝜃𝑣

− 1)/(𝑒−𝜃 − 1) ] 

𝐶(𝑢, 𝑣) = exp {−[(−ln 𝑢)𝜃

+ (−ln 𝑣)𝜃]
1 𝜃⁄

}  

𝐶(𝑢, 𝑣) = (𝑢1
−𝜃 + 𝑣2

−𝜃 − 1)
−1/𝜃

 

Φ2(∙,∙; 𝜌)

𝜌



𝜏̂ =
𝑃𝑛 − 𝑄𝑛

(
𝑛
2

)
=

4

𝑛(𝑛 − 1)
𝑃𝑛 − 1 

𝜏

𝜏̂

𝜏

𝜏 = 4 ∫ ∫ 𝐶(𝑢, 𝑣)
1

0

1

0

𝑑𝐶(𝑢, 𝑣) − 1 

𝐶(𝑢, 𝑣) 𝑢 = 𝐹𝑋(𝑥) 𝑣 = 𝐹𝑌(𝑦)

𝜏

𝜃 = 𝑔(𝜏̂) 𝜃 = 𝑔(𝜏)

𝜃 = 𝑔(𝜏̂).



 

𝐶𝑚(𝑢1, 𝑢2) =
1

𝑚
 ∑ 1(

𝑚

𝑗=1

𝑟1𝑗

𝑚 + 1
≤ 𝑢1,

𝑟2𝑗

𝑚 + 1
≤ 𝑢2) 

 

𝑙𝑛 𝑆𝑎(𝑇) = 𝐸[𝑙𝑛 𝑆𝑎(𝑇) |𝑀, 𝑅, 𝜃] + 𝜎[𝑙𝑛 𝑆𝑎(𝑇)] 𝜀(𝑇) 

𝑆𝑎(𝑇)

𝐸[𝑙𝑛 𝑆𝑎(𝑇) |𝑀, 𝑅, 𝜃] 𝑙𝑛 𝑆𝑎(𝑇)

𝜎[𝑙𝑛 𝑆𝑎(𝑇)] 𝜀(𝑇)



𝑙𝑛𝑆𝑎𝑣(𝑇) =  𝛼1(𝑇) + 𝛼2(𝑇)𝑀𝑤 + 𝛼3(𝑇)𝑙𝑛𝑅 + 𝛼4(𝑇)𝑅 + 𝜎𝑉(𝑇)𝜀1(𝑇) 

𝑙𝑛𝑆𝑎𝐻(𝑇) =  𝛽1(𝑇) + 𝛽2(𝑇)𝑀𝑤 + 𝛽3(𝑇)𝑙𝑛𝑅 + 𝛽4(𝑇)𝑅 + 𝜎𝐻(𝑇)𝜀2(𝑇) 

𝑆𝑎𝑣(𝑇) 𝑆𝑎𝐻(𝑇)

𝑉(𝑇) 𝐻(𝑇)

,



α α α σv β β β σh

α β3

𝜀1(𝑇) =  
𝑙𝑛 𝑆𝑎(𝑇) − 𝐸[𝑙𝑛 𝑆𝑎ℎ(𝑇) |𝑀, 𝑅, 𝜃] 

𝜎ℎ[𝑙𝑛 𝑆𝑎ℎ(𝑇)] 
 

𝜀2(𝑇) =  
𝑙𝑛 𝑆𝑎(𝑇) − 𝐸[𝑙𝑛 𝑆𝑎𝑣(𝑇) |𝑀, 𝑅, 𝜃] 

𝜎𝑣[𝑙𝑛 𝑆𝑎𝑣(𝑇)] 
 





≥



    





 

𝜀 𝜀



θ



θ















 



𝐹𝑆𝑎
(𝑎1, 𝑎2|𝑚, 𝑟) = 𝐶(𝐹𝑆𝑎1

(𝑎1|𝑚, 𝑟), 𝐹𝑆𝑎2
(𝑎2|𝑚, 𝑟)) 

𝑓𝑆𝑎
(𝑎1, 𝑎2|𝑚, 𝑟) = 𝑐 (𝐹𝑆𝑎1

(𝑎1|𝑚, 𝑟), 𝐹𝑆𝑎2
(𝑎2|𝑚, 𝑟)) 𝑓𝑆𝑎1

(𝑎1|𝑚, 𝑟)𝑓𝑆𝑎2
(𝑎2|𝑚, 𝑟) 

𝐹𝑆𝑎𝑖
(𝑎𝑖|𝑚, 𝑟)

𝑓𝑆𝑎𝑖
(𝑎𝑖|𝑚, 𝑟)

𝐸[𝑙𝑛 𝑆𝑎(𝑇) |𝑀, 𝑅] 𝜎[𝑙𝑛 𝑆𝑎(𝑇)]





 



 

 

 





𝑓′𝑐

𝐸𝐶

𝐸𝑠

1.56 m

12.5 m

1.50m

1.60m





 

ε





 

𝑆𝑎(𝑇1|𝑀𝑤, 𝑅)

𝑆𝑎𝑟(𝑇1) 𝑀𝑤 , 𝑅

𝑇1 = 0. 80 𝑠

𝑇2 = 0. 10 𝑠
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𝜀𝑚𝑎𝑥

𝐸[ (𝜀 )]
( )

𝐸[ (𝜀 )]
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𝐸[ (𝜀 )]
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𝜀

𝐸[ (𝜀 )]
( )

𝐸[ (𝜀 )]
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𝜀

𝐸[ (𝜀 )]
( )

𝐸[ (𝜀 )]
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𝐸[ (𝜀 )]
( )

𝐸[ (𝜀 )]

𝜀

ε

ε

ε



𝜀

ε



 

 

𝜀

𝑃(𝜀 > 𝑧|𝑎1, 𝑎2)

(𝑎1, 𝑎2)

𝜆𝜀𝑐 𝑚𝑎𝑥
(𝑧) = ∬ 𝑃(𝜀𝑐 𝑚𝑎𝑥 > 𝑧  |𝑎1, 𝑎2)𝜈𝑺𝒂(𝑎1, 𝑎2)𝑑𝑎1d𝑎2 

(𝑎1, 𝑎2) 

𝜈𝑆𝑎(𝑎1, 𝑎2) =  𝜆𝑜 ∬ 𝑓𝑆𝑎(𝑎1, 𝑎2|𝑚, 𝑟)𝑓𝑀,𝑅(𝑚, 𝑟)𝑑𝑚d𝑟 

𝜆𝑜 𝑀𝑜 𝑓𝑀,𝑅(𝑚, 𝑟)

𝑓𝑆𝑎(𝑎1, 𝑎2|𝑚, 𝑟)

𝜈𝑆𝑎(𝑎1, 𝑎2) =  𝜆𝑜 ∬ 𝑐𝑺𝒂(𝑢, 𝑣|𝑚, 𝑟)𝑓𝑆𝑎1
(𝑎1|𝑚, 𝑟)𝑓𝑆𝑎2

(𝑎2|𝑚, 𝑟)𝑓𝑀,𝑅(𝑚, 𝑟)𝑑𝑚d𝑟 

𝜆𝜀𝑐 𝑚𝑎𝑥
(𝑧) = ∫ 𝑃(𝜀𝑐 𝑚𝑎𝑥 > 𝑧 |𝑎1)𝜈𝑆𝑎(𝑎1)𝑑𝑎1 



𝑎1

𝜈𝑆𝑎(𝑎1) =  𝜆𝑜 ∬ 𝑓𝑆𝑎1
(𝑎1|𝑚, 𝑟)𝑓𝑀,𝑅(𝑚, 𝑟)𝑑𝑚𝑑𝑟 

𝑀

𝜆(𝑚) = exp(𝛼 − 𝛽𝑚) 

𝛼 𝛽

𝑀𝑢

𝜆(𝑚) = 𝜆𝑜

𝑒−𝛽𝑚 − 𝑒−𝛽𝑀𝑢

𝑒−𝛽𝑀𝑜−𝑒−𝛽𝑀𝑢
;  𝑀𝑜 ≤ 𝑚 ≤ 𝑀𝑢 

𝑓𝑀(𝑚) = −
1

𝜆𝑜

𝜕𝜆(𝑚)

𝜕𝑚
=

𝛽𝑒−𝛽𝑚

𝑒−𝛽𝑀𝑜 − 𝑒−𝛽𝑀𝑢
 

𝜆𝑜 = 𝛽 =

 

𝑃(𝜀𝑐 𝑚𝑎𝑥 >

𝑧  |𝑎1, 𝑎2), 𝑆𝑎1(𝑇1) = 𝑎1 𝑆𝑎2(𝑇2) = 𝑎2

𝜀

𝑃(𝜀𝑐 𝑚𝑎𝑥 > 𝑧|𝑎1, 𝑎2) = 1 −  Φ (
ln 𝑧 − 𝐸[ln 𝜀𝑐 𝑚𝑎𝑥|𝑎1, 𝑎2]

𝜎[ln 𝜀𝑐 𝑚𝑎𝑥]
) 



Φ(∙ )

𝑃(𝜀𝑐 𝑚𝑎𝑥 >

𝑧 |𝑎1), 𝑆𝑎1(𝑇1) = 𝑎1

𝑃(𝜀𝑐 𝑚𝑎𝑥 > 𝑧 |𝑎1) = 1 −  Φ (
ln 𝑧 − 𝐸[ln 𝛾𝑚𝑎𝑥|𝑎1]

𝜎[ln 𝛾𝑚𝑎𝑥]
) 

λε ε



εc max

λεc max(z)



λ
ε

ε

λ
ε

ε

λ
ε

ε

λ
ε

ε



𝑆𝑎h 𝑆𝑎v

𝑀 𝑅

𝑆𝑎h

λ
ε

ε



λ
ε

ε



λ
ε

ε



 

λ
ε

ε



 



𝑆𝑎h 𝑆𝑎v

𝑀 𝑅

𝑆𝑎h



 



 

 







 



X

𝒞0 = {𝐶𝜃: 𝜃 ∈ 𝒪} 𝒪

ℝ𝑝 𝑝 ≥ 1 𝐻0: 𝐶 ∈ 𝒞0 𝐶𝜃𝑛

𝜃𝑛

ℂ𝑛 = √𝑛(𝐶𝑛 − 𝐶𝜃𝑛
)

𝐶𝑛 

𝐶𝑛 (𝐮) =
1

𝑛
∑ 𝟏(𝑠𝑖1 ≤ 𝑢1, ⋯ , 𝑠𝑖𝑑 ≤ 𝑢𝑑)

𝑛

𝑖=1

𝑠𝑖𝑗 = 𝑟𝑖𝑗 (𝑛 + 1⁄ ), 𝑖 = 1, … 𝑛, 𝑗 = 1, . . . 𝑑, 𝑟𝑖𝑗

𝟏(𝐴) 𝐴

𝑆𝑛 = ∫ ℂ𝑛(𝐮)2d𝐶𝑛(𝐮)
[0,1]𝑑

𝑝

 



𝐬𝑖 =

{𝑠𝑖𝑗, 𝑗 = 1, … , 𝑑}, 𝑖 = 1, … , 𝑛, 

𝑛 𝜃𝑛

𝐴𝐼𝐶: = −2 ∑ ln[𝑐𝜃𝑛
(𝐬𝑖)] + 2𝑘

𝑛

𝑖=1

𝐵𝐼𝐶: = −2 ∑ ln[𝑐𝜃𝑛
(𝐬𝑖)] + ln (𝑛)𝑘

𝑛

𝑖=1

𝑘







 



ε

ε



ε

ε



γ



γ

γ

γ
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