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 𝜙 = 𝜌𝑣

𝜌

𝐿



 
 

 

𝑛

𝐿

𝜌 =
𝑛

𝐿

𝜙

𝑣, 𝜌 𝑒 𝜙 Δ𝑡

          𝜙 =
𝑛

𝛥𝑡
 𝑣 =

𝑥

Δ𝑡
𝐿 =

𝑣

Δ𝑡

𝜙(𝑥, 𝑡) = 𝜌(𝑥, 𝑡)𝑣(𝑥, 𝑡)

𝑣 =
𝜙

𝜌

𝑣�̅� =
1

𝑛
∑ 𝑣𝑖

𝑛
𝑖=1  𝑣𝑠̅̅ ̅ = 𝑛

∑
1

  𝑣𝑖
𝑛
𝑖=1



 
 

 

 

 

 

𝜌

𝜌
1
 𝑒 𝜌

2

𝜌
2



 
 

 

 

                             

 

 

 

 

 

 

 



 
 

 

 

𝑖

(𝑖 + 1) 𝐿 𝑖

𝑑𝑖+1 = ℎ𝑖+1𝑥�̇�                                                                                                                          (3.1)

ℎ𝑖+1 (𝑖 + 1)  (𝑠)

𝑥�̇� 𝑡 (𝑚. 𝑠−1)



 
 

 

𝑑 𝜌 = ⟨𝑑⟩−1

ℎ 𝜙 = ⟨ℎ⟩−1

𝑑 = ℎ𝑣 𝜙 = 𝜌𝑣

𝐑𝐄𝐒𝐏𝐎𝐒𝐓𝐀 = 𝐅𝐔𝐍ÇÃ𝐎[sensibilidade, estímulo]



 
 

 



 
 

𝑑(𝑡)

𝑥𝑖(𝑡) 𝑖

𝑆1 𝑖 + 1

𝑆2 𝑖 + 1

𝑆3 𝑖

𝐿

𝑡

𝑑(𝑡) = 𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡) = 𝑆1 + 𝑆2 − 𝑆3 + 𝐿                                                                    (3.2)

𝑡 + 𝑇 𝑡

𝑆1 𝑇

𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡) = 𝑇𝑣𝑖+1(𝑡) +
𝑣𝑡+𝑇

2

2𝑎𝑖+1
−

𝑣𝑖
2

2𝑎𝑖(𝑡)
+ 𝐿                                                       (3.3)

𝑆2 = 𝑆3

𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡) = 𝑇𝑣𝑖+1(𝑡 + 𝑇) + 𝐿                                                                                 (3.4)

𝑇

𝑡

𝑑

𝑑𝑡
[𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)] =

𝑑

𝑑𝑡
 [𝑇𝑣𝑖+1(𝑡 + 𝑇) + 𝐿]                                                               (3.5)

𝑣𝑖(𝑡) − 𝑣𝑖+1(𝑡) = 𝑇𝑎𝑖+1(𝑡 + 𝑇)                                                                                         (3.6)

𝑎𝑖+1(𝑡 + 𝑇)

𝑎𝑖+1(𝑡 + 𝑇) =
1

𝑇
[𝑣𝑖(𝑡) − 𝑣𝑖+1(𝑡)]                                                                                     (3.7)

𝑇−1



 
 

𝑇−1

𝑡 + 𝑇

�̈�𝑖+1(𝑡 + 𝑇) = 𝜆[�̇�𝑖(𝑡) − �̇�𝑖+1(𝑡)]                                                                                      (3.8)

�̇�𝑖(𝑡) > �̇�𝑖+1(𝑡) �̈�𝑖+1(𝑡 + 𝑇)  é 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑜                             (3.9)

�̇�𝑖(𝑡) < �̇�𝑖+1(𝑡) �̈�𝑖+1(𝑡 + 𝑇)

�̇�𝑖(𝑡) = �̇�𝑖+1(𝑡) �̈�𝑖+1(𝑡 + 𝑇)  é

𝜆1

𝜆2

 

�̈�𝑖+1(𝑡 + 𝑇) = (
𝜆1

𝑜𝑢
𝜆2

) [�̇�𝑖(𝑡) − �̇�𝑖+1(𝑡)]                                                                          (3.12)



 
 

𝜆

𝜆0 = 𝜆
1
𝑑

⁄ = 𝜆𝑑                                                                                                                     (3.13)

𝜆 =
𝜆0

[𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)]
                                                                                                         (3.14)

�̈�𝑖+1(𝑡 + 𝑇) =
𝜆0

[𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)]
[�̇�𝑖(𝑡) − �̇�𝑖+1(𝑡)]                                                     (3.15)

 

�̈�𝑖+1(𝑡 + 𝑇) =
𝜆′[�̇�𝑖+1(𝑡 + 𝑇)]

[𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)]
[�̇�𝑖(𝑡) − �̇�𝑖+1(𝑡)].                                                     (3.16)

𝑚 𝑙

 



 
 

�̈�𝑖+1(𝑡 + 𝑇) =
𝜆𝑙,𝑚[�̇�𝑖+1(𝑡 + 𝑇)]𝑚

[𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)]𝑙
[�̇�𝑖(𝑡) − �̇�𝑖+1(𝑡)]                                                 (3.17)

𝑚 = 𝑙 = 0 𝑚 = 0, 𝑙 = 1 𝑚 = 1, 𝑙 = 1

𝑣 = 𝑣𝑓 (1 −
𝜌

𝜌𝑗
)                                                                                                                  (3.18)

𝑣𝑓 𝜌𝑚

 



 
 

𝜙 = 𝜌𝑣 →   𝜌𝑣 = 𝑣𝑓 (1 −
𝜌

𝜌𝑗
) 𝜌                                                                                     (3.19)

𝜙 = 𝑣𝑓𝜌 −
𝜌2

𝜌𝑚
𝑣𝑓.                                                                                                                (3.20)

�̂�

𝜌𝑚/2

 

𝑣 𝜌

𝑣 = 𝑣𝑓 ln (
𝜌𝑚

𝜌
)                                                                                                                    (3.21)



 
 

 

𝑣 = 𝑣𝑓 exp (−
𝜌

�̂�
)                                                                                                                (3.22)

 



 
 

 

�̈�𝑖+1(𝑡) = 𝜆[𝑉(Δ𝑥𝑖+1) − �̇�𝑖+1] ,                                                                                         (4.1)

Δ𝑥𝑖+1(𝑡) = 𝑥𝑖(𝑡) − 𝑥𝑖+1(𝑡)

𝑖 = 1,2, … , 𝑁 𝑁 𝜆

𝑉(Δ𝑥)

𝑉𝑚𝑎𝑥



 
 

𝑁

𝐿

𝑁

𝑏 = 𝑁/𝐿

𝑉(𝑏)

𝑥𝑛
(0)(𝑡) = 𝑏𝑛 + 𝑐𝑡                            𝑛 = 1,2, … , 𝑁.                                                            (4.2)

𝑏 𝑐 = 𝑉(𝑏)

𝑦𝑛(𝑡)

𝑥𝑛 = 𝑥𝑛
(0)

+ 𝑦𝑛 |𝑦𝑛| ≪ 1 .                                                                                                  (4.3)

Δ𝑥𝑛 = 𝑥𝑛+1 − 𝑥𝑛 = (𝑥𝑛+1
(0)

+ 𝑦𝑦+1) − (𝑥𝑛
(0)

+ 𝑦𝑛) = Δ𝑦𝑛 + 𝑏

�̈�𝑛(𝑡) = 𝜆[𝑉(Δ𝑦𝑛 + 𝑏) − �̇�𝑛 − 𝑘]

𝑉(Δ𝑦𝑛 + 𝑏)

�̈�𝑛(𝑡) = 𝜆[𝑓(Δ𝑦𝑛) − �̇�𝑛] 𝑓 = 𝑉′(𝑏)             ,                                             (4.6)

𝑒−𝑖𝛾𝑘𝑛+𝑧𝑡, 𝑧 = 𝑢 + 𝑖𝑣 𝑢 𝑣 𝛾𝑛 =
2𝜋

𝑁
𝑗 (𝑗 =

0,1,2, … , 𝑁 − 1

𝑢 > 0 𝑢 < 0

𝑢 = 0

𝑓 =
𝜆

2 cos2 𝜆/2

𝑓 < 𝜆/2 𝑢 < 0 𝛾𝑘 𝑓 > 𝜆/2

𝛾𝑘 𝑢 > 0 𝑓 = 𝜆/2



 
 

 

 

𝑉(𝑑)

 𝑑 ≥ 0;

 𝑓(𝑑) ≥ 0 , ∀ 𝑑 ≥ 0)

 𝑑0 ≥ 0

𝑉(𝑑) = 0 0 𝑑0 𝑑0

𝑑 ≤ 𝑑0

 lim
d→∞

𝑉(𝑑)  = 𝑣𝑚𝑎𝑥 𝑣𝑚𝑎𝑥

𝑉(𝑑) (𝑎) (𝑏)

𝑉(𝑑) {
0                               0 ≤ 𝑑 ≤ 1

𝑣𝑚𝑎𝑥(𝑑−1)3

1+(𝑑−1)³
                    𝑑 < 1             

                                                                    (4.7)

𝑑0 = 1 (𝑎) (𝑏)

𝑉′′(𝑑𝑐) = 0



 
 

𝑉1(𝑑) = tanh(𝑑 − 2) + tanh(2).                                                                                      (4.8)

𝑉2(𝑑) = 16.8[tanh 0.086(𝑑 − 25) + 0.913]                                                                  (4.9)

𝑑0 ≈ 7.0319𝑚 𝑣𝑚𝑎𝑥 = 32.1384𝑚/𝑠 𝑑𝑐 = 25𝑚

(𝑐)

𝑉(𝑑) < 0 𝑑 > 𝑑0

𝑉3(𝑑) = max{0, V2} .                                                                                                           (4.10)

𝑉(𝑑) =
1

2
𝑣𝑚𝑎𝑥 tanh(𝑑 − 𝑑𝑐) + tanh(𝑑𝑐)                                                                     (4.11)

𝑑𝑐

�̈�𝑖+1(𝑡) = 𝜅[𝑉(𝑑) − 𝑣𝑖+1(𝑡)] + 𝜆Θ(−Δ𝑣)Δ𝑣                                                    (4.12)



 
 

𝜆 Θ Θ

Δ𝑣

�̈�𝑖+1(𝑡) = 𝜅[𝑣𝑚𝑎𝑥 − 𝑣𝑖+1(𝑡)] + 𝜅[𝑉(𝑑) − 𝑣𝑚𝑎𝑥]                                                       (4.13)

                                  +𝜆Θ(−Δ𝑣)Δ𝑣 + 𝜆Θ(Δ𝑣)Δ𝑣

𝜆Θ(Δ𝑣)Δ𝑣

�̈�𝑖+1(𝑡) = 𝜅[𝑉(𝑑) − 𝑣𝑖+1(𝑡)] + 𝜆Δ𝑣.                                                                             (4.14)



 
 

𝑓(𝑡, 𝑦)

𝑡𝑛 ≤ 𝑡 ≤ 𝑡𝑛+1

{

𝑑𝑦

𝑑𝑡
= 𝑓(𝑦)

                     
𝑦(0) = 𝑦0

 

𝑦𝑛+1 = 𝑦𝑛 +
1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘3) + ϑ(Δt5)                                            (4.16)

Δ𝑡 = 10−4

𝑘1 = Δ𝑡𝑓(𝑦𝑛)

𝑘2 = Δ𝑡𝑓 (𝑦𝑛 +
𝑘1

2
)                                                                                               (4.17)

𝑘3 =  Δ𝑡𝑓 (𝑦𝑛 +
𝑘2

2
)

𝑘4 = Δ𝑡𝑓(𝑦𝑛 + 𝑘3) 

{

𝑑𝑥𝑖

𝑑𝑡
= 𝑣𝑖                                                    

                          
𝑑𝑣𝑖

𝑑𝑡
=  𝜅[𝑉(𝑑) − 𝑣𝑖(𝑡)] + 𝜆Δ𝑣.      

𝑥1(0) = 𝑥1
(0)

+ 𝜒

𝑥𝑖(0) = 𝑥𝑖
(0)

, 𝑛 ≠ 1

𝑥𝑖(0) = 0

𝜒

𝑛 = 1,2, … , 𝑁 𝑁 𝑥𝑖
(0)

= 𝑏𝑛

𝜅 = 0.41 Δ𝑡 = 10−4



 
 

𝑉′(𝑏) <
𝜅

2
+ 𝜆 𝑉′(𝑏) >

𝜅

2
+ 𝜆, 𝑏 = 𝐿/𝑁

𝑁 =

100

𝐿

𝑁
= ⟨𝜌⟩−1

𝜆 = 0.5

𝐿 = 3200 𝐿 = 1700

 



 
 

 



 
 

 

 



 
 

 

 



 
 

  

 

 

 



 
 

 

 

 



 
 

 

 

 



 
 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 



 
 



 
 


