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𝐶0

𝐶0

𝑟(𝑠) =

(𝑥(𝑠), 𝑦(𝑠)) , 𝑐𝑜𝑛 𝑠 Є (0, 1)

𝐸(𝐶) =  𝛼 ∫ 𝑟(𝑠) 𝑑𝑠 +  𝛽 ∫ 𝑟(𝑠)𝑑𝑠 +  𝛾 ∫ 𝑟(𝑠) 𝑑𝑠
1

0

1

0
 

1

0

α β 𝛾 α

β
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𝐸𝐼𝑁𝑇 =  𝐸𝐶𝑂𝑁𝑇𝑂𝑅𝑁𝑂 +  𝐸𝑆𝑈𝐴𝑉𝐼𝐷𝐴𝐷                                          

𝛾

𝐸𝐸𝑋𝑇 =  𝐸𝐼𝑀𝐴𝐺𝐸𝑁 +  𝐸𝑅𝐸𝑆𝑇𝑅𝐼𝐶𝑇𝐼𝑉𝐴𝑆

𝐸𝐼𝑀𝐴𝐺𝐸𝑁 =  𝑉𝐿𝐼𝑁  ∗ 𝐸𝐿𝐼𝑁 +  𝑉𝐵𝑂𝑅𝐷  ∗ 𝐸𝐵𝑂𝑅𝐷 +  𝑉𝑇𝐸𝑅𝑀  ∗ 𝐸𝑇𝐸𝑅𝑀

𝑉𝐿𝐼𝑁 𝑉𝐵𝑂𝑅𝐷 𝑉𝑇𝐸𝑅𝑀

𝑉𝐿𝐼𝑁
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𝐸𝐿𝐼𝑁(𝑟(𝑠)) = 𝐼(𝑥(𝑠), 𝑦(𝑠))

𝐸𝐵𝑂𝑅𝐷(𝑟(𝑠)) =  −||∇𝐼(𝑥(𝑠), 𝑦(𝑠))||2

∇𝐼(𝑥(𝑠), 𝑦(𝑠))

𝜎

𝐸𝐵𝑂𝑅𝐷(𝑟(𝑠)) =  −|(∇2ℎ𝜎(x(s), y(s))) ∗ 𝐼(𝑥(𝑠), 𝑦(𝑠))|2

ℎ𝜎 𝜎 𝜎

𝐶(𝑥(𝑠), 𝑦(𝑠)) =  ℎ𝜎(x(s), y(s)) ∗ 𝐼(𝑥(𝑠), 𝑦(𝑠))
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𝜃 =  𝑡𝑎𝑛−1 (

𝜕𝐶

𝜕𝑦
𝜕𝐶

𝜕𝑥

)

𝑛 = (cos(𝜃) , sin (𝜃))

𝑛 ⊥ = (− sin(𝜃) , cos(𝜃)) 

  

ETERM =  
∂2C

∂n⊥

∂2C

∂n

𝐸𝑅𝐸𝑆𝑇𝑅𝐼𝐶𝑇𝐼𝑉𝐴𝑆 = 𝐸𝑀𝑈𝐸𝐿𝐿𝐸 +  𝐸𝑉𝑂𝐿𝐶Á𝑁
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𝐸𝑀𝑈𝐸𝐿𝐿𝐸 =  −𝑘(𝑝1 − 𝑝2)2

𝐸𝑉𝑂𝐿𝐶Á𝑁 = 1 𝑟⁄

𝐶0 𝛼, 𝛽 𝑦 𝛾
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𝐶(𝑠, 𝑡) ∶ [0,1]𝑥[0, ∞)  →  𝑅2.

𝜕𝐶
𝜕𝑡⁄ =  𝐹 ∗ 𝑁
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𝜙(𝑥, 𝑦, 𝑡) 𝜙

𝑁 =  −
∇𝜙

|∇𝜙|
∇ 

𝜕𝜙
𝜕𝑡

⁄ = 𝐹|∇𝜙|

 

𝜙



   

 

 

 

 32 

 

𝜙
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𝜕𝜙
𝜕𝑡

⁄ = 𝑠𝑖𝑔𝑛(𝜓)(1 −  ∇𝜙)
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𝜙: Ω → R Ω

휀(𝜙) =  𝜇𝑅𝑃(𝜙) +  휀𝑒𝑥𝑡(𝜙)

𝑅𝑃(𝜙) 𝜇 > 0 휀𝑒𝑥𝑡(𝜙)

𝑅𝑃(𝜙)

𝑅𝑃(𝜙) ≜  ∫ 𝑝(|∇𝜙|)𝑑𝑥
Ω

[0, ∞) → 𝑅

𝑝 =  𝑝1(𝑠) ≜ 0.5(𝑠 − 1)2

𝑝 =  𝑝1(𝑠)

𝑅𝑃(𝜙)
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𝑃(𝜙) = 1
2⁄ ∫ (|∇𝜙| − 1)2𝑑𝑥

Ω

𝜙

𝑅𝑝

|∇𝜙| = 1

|∇𝜙| = 0

𝑝2

𝑝1 𝑝2

𝑝2(𝑠) =  1
4𝜋2⁄ (1 − cos(2𝜋𝑠)),        𝑠𝑖 𝑠 ≤ 1

𝑝2(𝑠) =  1
2⁄ (𝑠 − 1)2,         𝑠𝑖 𝑠 ≥ 1 
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𝑔 ≜  1
1 +  |∇𝐺𝜎 ∗ 𝐼|2⁄  

𝐺𝜎

𝜙: Ω → 𝑅 𝜉(𝜙)

 𝜉(𝜙) =  μ𝑅𝑃(ϕ) + λℒ𝑔(ϕ) + αΑ𝑔(ϕ) 

 

𝜆 > 0 𝛼 ∈ 𝑅 ℒ𝑔(𝜙)

𝐴𝑔(𝜙)

ℒ𝑔(𝜙) ≜ ∫ 𝑔𝛿(𝜙)∇𝜙𝑑𝑥
Ω

 

 

  𝐴𝑔(𝜙) ≜ ∫ 𝑔𝐻(−𝜙)𝑑𝑥
Ω
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𝛿

𝛿 ℒ𝑔(𝜙)

𝜙

𝜙 𝐶: [0, 1] → Ω ℒ𝑔(𝜙)

∫ 𝑔(𝐶(𝑠))|𝐶′(𝑠)𝑑𝑠
1

0
ℒ𝑔(𝜙)

𝜙

𝐴𝑔(𝜙) Ω𝜙
− ≜ {𝑥: 𝜙(𝑥) <

0} 𝐴𝑔(𝜙)

𝛼

𝛼

𝐴𝑔(𝜙)

ℒ𝑔(𝜙) 𝐴𝑔(𝜙) 𝛿𝜀 𝐻𝜀

𝛿𝜀(𝑥) = 1
2휀⁄ [1 + cos(𝜋𝑥

휀⁄ )]         𝑠𝑖 𝑥 ≤ 휀

𝛿𝜀(𝑥) = 0                                               𝑠𝑖 𝑥 > 휀 
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𝐻𝜀(𝑥) = 1
2⁄ (1 +

𝑥

𝜀
+

1

𝜋
sin(𝜋𝑥

휀⁄ ))          𝑠𝑖 𝑥 ≤ 휀

  𝐻𝜀(𝑥) = 1                                                        𝑠𝑖 𝑥 > 휀

      𝐻𝜀(𝑥) = 0                                                         𝑠𝑖 𝑥 < −휀

𝜉(𝜙) =  μ ∫ 𝑝(|∇𝜙)𝑑𝑥
Ω

+ λ ∫ 𝑔𝛿𝜀(𝜙)|∇𝜙𝑑𝑥
Ω

+ α ∫ 𝑔𝐻𝜀(−𝜙)𝑑𝑥
Ω

 

𝜕𝜙

𝜕𝑡
= 𝜇𝑑𝑖𝑣(𝑑𝑃(∇𝜙|)∇𝜙) + 𝜆𝛿𝜀(𝜙)𝑑𝑖𝑣 (𝑔

∇𝜙

∇𝜙|
) + 𝛼𝑔𝛿𝜀(𝜙)

𝜙(𝑥, 0) = 𝜙0(𝑥)

𝑅𝑃(𝜙)

ℒ𝑔(𝜙) 𝐴𝑔(𝜙)
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𝜙𝑖,𝑗  𝜙𝑖−1,𝑗

𝜙𝑖+1,𝑗 𝜙𝑖,𝑗−1 𝜙𝑖,𝑗+1

𝐵𝑟 = ⋃ 𝑁𝑖,𝑗
(𝑟)

(𝑖,𝑗)𝜖𝑍

𝑁𝑖,𝑗
(𝑟) (2𝑟 + 1) ∗ (2𝑟 + 1) (𝑖, 𝑗)

𝐵𝑟

 𝜙 𝜙𝑂

𝐵𝑟
0 = ⋃ 𝑁𝑖,𝑗

(𝑟)
(𝑖,𝑗)𝜖𝑍0

 𝜙𝑖,𝑗
𝑘+1 = 𝜙𝑖,𝑗

𝑘 + 𝜏𝐿(𝜙𝑖,𝑗
𝑘 )

𝐵𝑟
𝐾
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𝜙𝑖,𝑗
𝑘+1 𝐵𝑟

𝐾 𝑍𝑘+1

𝐵𝑟
𝐾+1 = ⋃ 𝑁𝑖,𝑗

(𝑟)
(𝑖,𝑗)𝜖𝑍𝑘+1

 

(𝑖, 𝑗) 𝐵𝑟
𝐾+1 𝐵𝑟

𝐾 𝜙𝑖,𝑗
𝑘+1 𝜙𝑖,𝑗

𝑘 > 0

𝜙𝑖,𝑗
𝑘+1
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𝑀: 𝑥 = (𝑥, 𝑦) ∈ Ω ⊂

𝑅2 → 𝑀(𝑥) ∈ 𝑅 𝐼: Ω ⊂ 𝑅2 → 𝑅

ℱ𝑀𝑁(𝑀, 𝐾) = ∫ (𝐼 − 𝑀)2𝑑𝑥 + 𝜌 ∫ ||∇𝑀2 𝑑𝑥 + 𝜆𝜌𝑙(𝐾)
Ω/𝐾Ω

𝜌 𝑦 𝜆 ∇𝑀 = (𝑀𝑥 , 𝑀𝑌) =

(
𝜕𝑀

𝜕𝑋
,

𝜕𝑀

𝜕𝑌
)

𝑅𝑘

𝑀(𝑥) = 𝑀𝐾

ℱ𝑀𝑁(𝑀, 𝐾) = ∑ ∫ (𝐼 − 𝑀𝐾)2𝑑𝑥 + 𝜆𝑙(𝐾)
𝐾𝐾

 

𝛾: 𝑠 ∈ [0,1] → 𝑥(𝑠) = (𝑥(𝑠), 𝑦(𝑠)) ∈ 𝑅2

𝛾
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𝑅1 = 𝑅𝛾 𝑅2 = 𝑅𝛾
𝐶

𝐼 = 𝜇1 𝑒𝑛 𝑅1 𝐼 = 𝜇2 𝑒𝑛 𝑅2

𝛾 𝑦 𝜇1, 𝜇2

𝐹𝐶𝐻𝐴𝑁−𝑉𝐸𝑆𝐸 =  𝜆1 ∫ (𝐼 − 𝜇1)2𝑑𝑥 + 𝜆2 ∫ (𝐼 − 𝜇2)2𝑑𝑥 + 𝜆 ∫ 𝑑𝑠 + 𝑣 ∫ 𝑑𝑥
𝑅1𝛾𝑅2𝑅1

𝜆1 𝜆2 𝜆 𝑣

𝛾

𝜇1 𝜇2

𝛾

𝛾
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𝜇1 𝜇2

𝐹1(𝛾) = ∫ (𝐼 − 𝜇1)2
𝑅1

𝑑𝑥 = 0 𝐹2(𝛾) = ∫ (𝐼 − 𝜇2)2
𝑅2

𝑑𝑥 >

0 𝐹1(𝛾) > 0 𝐹2(𝛾) = 0

𝐹1(𝛾) > 0 𝐹2(𝛾) > 0
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 𝜇

𝜙
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 𝜆

 

 𝛼



   

 

 

 

 47 

 

 

 휀
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휀 = 5

 

𝑖𝑡𝑒𝑟𝑖𝑛𝑛𝑒𝑟 ∗ 𝑖𝑡𝑒𝑟𝑜𝑢𝑡𝑒𝑟 + 𝑖𝑡𝑒𝑟𝑟𝑒𝑓𝑖𝑛𝑒
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 𝜎
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 53 

 

 

 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝 = 1

 𝑚𝑢 = 0.2/𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝

 𝑖𝑡𝑒𝑟𝑖𝑛𝑛𝑒𝑟 = 50

 𝑖𝑡𝑒𝑟𝑜𝑢𝑡𝑒𝑟 = 20

 𝑒𝑝𝑠𝑖𝑙𝑜𝑛 = 1.5

 𝑠𝑖𝑔𝑚𝑎 = 1.5

 𝑙𝑎𝑚𝑏𝑑𝑎 = 5

 ℎ𝑠𝑖𝑧𝑒 = 20
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𝑎𝑙𝑝ℎ𝑎 = −2 𝑎𝑙𝑝ℎ𝑎 = −1

𝑎𝑙𝑝ℎ𝑎 = 0 𝑎𝑙𝑝ℎ𝑎 = 1

𝑎𝑙𝑝ℎ𝑎 = 2 𝑎𝑙𝑝ℎ𝑎 = 3
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𝑎𝑙𝑝ℎ𝑎 = 4 𝑎𝑙𝑝ℎ𝑎 = 5

 

   𝑎𝑙𝑝ℎ𝑎 = 6  
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𝑅 < 125, 𝐺 > 210 𝐵 < 125
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𝑠𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑑𝑎𝑑 =  
𝑇𝑃

(𝑇𝑃+𝐹𝑁)

𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑑𝑎𝑑 =  
𝑇𝑁

(𝑇𝑁+𝐹𝑃)
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𝑎𝑙𝑝ℎ𝑎 = −2 𝑎𝑙𝑝ℎ𝑎 = −1 𝑎𝑙𝑝ℎ𝑎 = 0

𝑎𝑙𝑝ℎ𝑎 = 1 𝑎𝑙𝑝ℎ𝑎 = 2 𝑎𝑙𝑝ℎ𝑎 = 3
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𝑎𝑙𝑝ℎ𝑎 = 4 𝑎𝑙𝑝ℎ𝑎 = 5 𝑎𝑙𝑝ℎ𝑎 = 6
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𝑠𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑑𝑎𝑑 = 1  1 − 𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑑𝑎𝑑 = 0

1 − 𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑑𝑎𝑑
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𝐴𝑈𝐶 = 1 𝐴𝑈𝐶 = 0.5

 →

 →

 →

 →

 →

𝐴𝑈𝐶 = ∑ ∆𝑋𝑖𝑌𝑖

𝑋𝑖 𝑌𝑖
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𝑎𝑙𝑝ℎ𝑎 = 1

𝑎𝑙𝑝ℎ𝑎 = 5
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𝑎𝑙𝑝ℎ𝑎 = 4 𝑠𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑑𝑎𝑑 = 0.9971 1 − 𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑑𝑎𝑑 =

0.0009

𝑎𝑙𝑝ℎ𝑎 = 4

𝑀𝐶𝐶 =
(𝑇𝑃∗𝑇𝑁−𝐹𝑃∗𝐹𝑁)

√(𝑇𝑃+𝐹𝑃)(𝑇𝑃+𝐹𝑁)(𝑇𝑁+𝐹𝑃)(𝑇𝑁+𝐹𝑁)

𝑎𝑙𝑝ℎ𝑎 = 1 

𝑎𝑙𝑝ℎ𝑎 = 5
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𝑎𝑙𝑝ℎ𝑎 = 4

 

 

𝑎𝑙𝑝ℎ𝑎 = 4

0,991896

0,993204

0,994188 0,994076

0,991744

0,9905

0,991

0,9915

0,992

0,9925

0,993

0,9935

0,994

0,9945

alpha=1 alpha=2 alpha=3 alpha=4 alpha=5
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𝑎𝑙𝑝ℎ𝑎 = 4
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clear all; 

close all; 

 

Imagen=imread('PIL-TBK#6-CONTORNOS.png'); 

Ip=imresize(Imagen, 0.45); 

[m,n,p]=size(Ip); 

imf=Ip(:,:,1:3); 

imshow(imf); 

img=zeros(m,n); 
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for i=1:m 

     for j=1:n 

        R=imf(:,:,1); 

        G=imf(:,:,2); 

        B=imf(:,:,3); 

         if(R(i,j)<125 && B(i,j)<125 && G(i,j)>210) 

            img(i,j)= 1; 

        else 

            img(i,j)=0; 

        end 

     end 

end 

figure(1) 

imshow(img); 

I=imread('PIL-TBK#6.png'); %lectura de la imagen 

Iw=imresize(I, 0.45); 

Img=double(Iw(:,:,1)); 

 

% parametros 

timestep=1; 

mu=0.2/timestep; 

iter_inner=50; 

iter_outer=20; 

lambda=5; 

i=1; 

for alpha=-2:6 

    alfa=alpha+1; 

    epsilon=1.5; 

    sigma=1.5; 

    G=fspecial('gaussian',20,sigma); % Gaussiano filtro 

    Img_smooth=conv2(Img,G,'same');  % suavizado de la imagen por convolucion 

gaussiana 

    [Ix,Iy]=gradient(Img_smooth); 

    f=Ix.^2+Iy.^2; 

    g=1./(1+f); 

 

    % Inicializacion de la funcion level-set 

    c0=2; 

    initialLSF = c0*ones(size(Img)); 

    % Establecimiento de la region inicial R0 con dos rectángulos 

    initialLSF(226:501,428:810)=-c0; 

    initialLSF(226:376,810:944)=-c0; 

    phi=initialLSF; 

 

    figure(2);    % Representacion grafica de la funcion level-set 

    mesh(-phi); 
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    hold on;  contour(phi, [0,0], 'r','LineWidth',2); 

    title('Initial level set function'); 

    view([-80 35]); 

 

    figure(3);   %Representacion de la region abarcada por los dos rectangulos 

    imagesc(Img,[0, 255]); axis off; axis equal; colormap(gray); hold on;  

contour(phi, [0,0], 'r'); 

    title('Initial zero level contour'); 

    pause(0.5); 

 

    potential=2; 

    if potential ==1 

        potentialFunction = 'single-well';  % uso del potencial-simple ---> 

p1(s)=0.5*(s-1)^2 

    elseif potential == 2 

        potentialFunction = 'double-well';  % uso del potencial-doble 

    else           

        potentialFunction = 'double-well';  % uso por defecto del potencial-doble 

    end 

 

% Comienzo de la evolucion level-set 

    for n=1:iter_outer 

        phi = drlse_edge(phi, g, lambda, mu, alfa, epsilon, timestep, iter_inner, 

potentialFunction); 

        if mod(n,2)==0 

            figure(3); 

             imagesc(Img,[0, 255]); axis off; axis equal; colormap(gray); hold on;  

contour(phi, [0,0], 'r'); 

        end 

    end 

 

% refine del contorno del Level-set cero con alfa=0 

    alfa=0; 

    iter_refine = 10; 

    phi = drlse_edge(phi, g, lambda, mu, alfa, epsilon, timestep, iter_inner, 

potentialFunction); 

 

    finalLSF=phi; 

    figure; 

    imagesc(Img,[0, 255]); axis off; axis equal; colormap(gray); hold on;  

contour(phi, [0,0], 'r'); 

    hold on; 

    contour(phi, [0,0], 'r'); 

    str=['Final zero level contour, ', num2str(iter_outer*iter_inner+iter_refine), 

' iterations']; 

    title(str); 

    figure; 
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    mesh(-finalLSF); 

    hold on; 

    contour(phi, [0,0], 'r','LineWidth',2); 

    view([-80 35]); 

    str=['Final level set function, ', num2str(iter_outer*iter_inner+iter_refine), 

' iterations']; 

    title(str); 

    axis on; 

    [nrow, ncol]=size(Img); 

    axis([1 ncol 1 nrow -5 5]); 

    set(gca,'ZTick',[-3:1:3]); 

    set(gca,'FontSize',14) 

    bwims=(finalLSF<0); 

    im=logical(img); 

    im2=bwpropfilt(im,'Area',1); 

    imb=bwmorph(im2,'fill'); 

    bwim2=imfill(imb,'holes'); 

 

 

 

    %CURVA ROC 

    imTP=bwim2 & bwims; %cALCULO TP 

    imFN=bwim2>imTP; %Calculo FN 

    imshow(imFN); 

    imFP=bwims>imTP; %Calculo FP 

    imshow(imFP); 

    imTN= ~(imTP | imFN | imFP); %Calculo TN 

    imshow(imTN); 

    IM= 1*imTP + 2*imFN + 3*imFP; 

    map=[0 1 1;1 0 0;0 0 0]; 

    cmap=colormap(map); 

    IMcolor = label2rgb(IM, cmap, 'w'); 

    imshow(IMcolor); 

    title(['alpha=',num2str(alpha)]); 

    TP(i)=sum(imTP(:)); 

    TN(i)=sum(imTN(:)); 

    FP(i)=sum(imFP(:)); 

    FN(i)=sum(imFN(:)); 

    sens(i)=TP(i)/(TP(i)+FN(i)); %Calculo sensibilidad 

    espec(i)=TN(i)/(TN(i)+FP(i)); %Calculo especificidad 

    if((1-espec(i)) ==0 && sens(i) == 0) 

       break; 

    end 

    i=i+1; 

end 

 

sens=sens(:); 
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espec=espec(:); 

espec2=1-espec; 

figure; 

plot(espec2,sens,'o-'); %dibujar curva ROC 

title('Curva ROC'); 

ylabel('Sensibilidad'); 

xlabel('1-Especificidad'); 

axis square; 

xlim([0 1]); ylim([0 1]); 

TP=TP'; 

FP=FP'; 

TN=TN'; 

FN=FN'; 

h=alpha(end); 

alpha=-2:h; 

alpha=alpha'; 

tabla=table(alpha,TP,TN,FP,FN,sens,espec2); %Tabla con todos los parametros de la 

curva ROC 

 

 

%Parametro area bajo la curva (AUC) 

 

sensdef=flipud(sens); 

espec2def=flipud(espec2); 

n=length(espec2def); 

r = n-1; 

AUC=0; %Inicializacion 

xm=zeros(n); %Creacion de matrices de ceros 

incdef=zeros(n); 

for i=2:n 

    xm(i)= (espec2def(i)+espec2def(i-1))/2; %Cálculo de la media entre dos puntos 

    if(i<=r) 

        incdef(i)=xm(i)-xm(i-1); %Cálculo del incremento del intervalo entre Xm 

        AUC=AUC+(incdef(i)*sensdef(i)); %Cálculo de AUC 

    end 

end 

incdef(n)=1-xm(n-1); %Definición de la última posición 

incdef(1)=xm(1); %Definicion de la primera posición 

 

AUC = AUC + (incdef(1)*sensdef(1)); 

AUC = AUC + (incdef(n)*sensdef(n)); 
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