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CPU
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D1 t

D2 t

𝚫𝒕 ≤ 𝟏𝟐 𝒏𝒔

D1 t

D2 t

𝟔𝟒 𝒏𝒔 ≤ 𝚫𝒕 ≤ 𝟕𝟔 𝒏𝒔

True + Random

Random

D1

D2



𝒇: ℝ𝟑 → ℝ+



𝒇



𝒇

𝒑𝒊



𝚪𝒊

𝒑𝒊= 𝜿 
𝚪𝒊

𝒇



𝒑𝒊= 𝜿 
𝚪𝒊

𝒇

𝚪𝒊



𝚪𝒊

𝒑𝒊= 𝜿 
𝚪𝒊

𝒇 𝜿



𝒑𝒊= 𝜿 
𝚪𝒊

𝒇

𝒑𝒊 𝒊 = 𝟏…𝐍

𝒇

?



𝒑𝒊= − 𝒍𝒏
𝐈𝐢
𝐈𝟎

=  
𝚪𝒊

𝝁

𝒑𝒊 𝒊 = 𝟏…𝐍

𝝁

?

CT

𝐈𝟎

𝐈𝐢 = 𝐈𝟎 𝒆𝒙𝒑 − 
𝚪𝒊

𝝁

𝚪𝒊

𝝁 ∶ ℝ𝟑 → ℝ+



■



■



■

𝒑𝛉 𝐬 :

𝒇 𝐱, 𝐲

𝚪𝛉𝐬

ℝ → ℝ+



■ 𝒑𝛉 𝐬 =  
𝚪𝛉𝐬

𝒇 𝐱, 𝐲

𝒑𝛉 𝐬

𝒇 𝐱, 𝐲

𝚪𝛉𝐬



■ 𝒑𝛉 𝐬 =  
𝚪𝛉𝐬

𝒇 𝐱, 𝐲

𝒑𝛉 𝐬

𝒇 𝐱, 𝐲

𝚪𝛉𝐬

𝒑

𝐬





■

𝒇 𝐱, 𝐲

𝚪𝛉𝐬

𝒑 = 𝐑 𝒇

𝐑∗

𝒑𝛉 𝐬 =  
𝚪𝛉𝐬

𝒇 𝐱, 𝐲

𝒑𝛉 𝐬



■

𝒇 𝐱, 𝐲

𝚪𝛉𝐬

𝒑𝛉 𝐬

𝐑∗𝒑 𝒙, 𝒚 =  
𝟎

𝝅

𝒑𝛉 𝒙𝐜𝐨𝐬𝛉 + 𝒚𝐬𝐢𝐧𝛉 𝒅𝛉

𝐑𝒇 𝛉 𝐬 =  
ℝ

𝒇 𝐬 𝐜𝐨𝐬 𝛉 − 𝐭 𝐬𝐢𝐧𝛉 , 𝐬 𝐬𝐢𝐧 𝛉 + 𝐭 𝐜𝐨𝐬𝛉 𝒅𝒕



■

𝐑∗ 𝒑

𝒑

𝐬



𝒇

𝒙

𝒚

𝒙

𝒚

𝐑 𝒇



■

𝒇

𝒑𝛉

 𝒑𝛉  𝒇
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽



𝒇

 𝒇

 𝒑𝛉 𝛎 =  𝒇 𝝂𝒄𝒐𝒔𝛉, 𝝂𝒔𝒊𝒏𝛉

=

■

𝒑𝛉

 𝒑𝛉 𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽



 𝒇

 𝒑𝛉 𝛎 =  
ℝ

𝒑𝛉 𝒔 𝒆−𝒊𝝂𝒔 𝒅𝒔 =  
ℝ𝟐

𝒇 𝐬 𝐜𝐨𝐬 𝛉 − 𝐭 𝐬𝐢𝐧𝛉 , 𝐬 𝐬𝐢𝐧 𝛉 + 𝐭 𝐜𝐨𝐬𝛉 𝒆−𝒊𝝂𝒔 𝒅𝐬 𝒅𝐭

=

■

 𝒑𝛉 𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

=  
ℝ𝟐

𝒇 𝒙, 𝒚 𝒆−𝒊𝝂(𝒙 𝐜𝐨𝐬 𝛉 + 𝒚 𝐬𝐢𝐧𝛉) 𝒅𝒙 𝒅𝒚 =  𝒇 𝝂𝒄𝒐𝒔𝛉, 𝝂𝒔𝒊𝒏𝛉

 
𝒙 = 𝐬 𝐜𝐨𝐬 𝛉 − 𝐭 𝐬𝐢𝐧𝛉
𝒚 = 𝐬 𝐬𝐢𝐧 𝛉 + 𝐭 𝐜𝐨𝐬𝛉

 
𝐬 = 𝒙 𝐜𝐨𝐬 𝛉 + 𝒚 𝐬𝐢𝐧𝛉
𝐭 = 𝒙 𝐬𝐢𝐧 𝛉 − 𝒚 𝐜𝐨𝐬𝛉



■



■







■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

= 𝒔

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

 𝐇𝒑 = |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

 𝐇𝒑 = |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

 𝐇𝒑 = |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚
𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

 𝐇𝒑 = |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝒇 =  
ℝ𝟐

 𝒇 𝒆𝒊 𝒙𝝂𝒙+𝒚𝝂𝒚 𝒅𝝂𝒙𝒅𝝂𝒚

𝒇 =  𝒅𝜽 𝒅𝝂 𝒆𝒊𝒔𝝂 |𝝂|  𝒑

𝒇 = 𝐑∗ 𝐇𝒑

𝝂𝒙 = 𝝂 𝒄𝒐𝒔𝜽
𝝂𝒚 = 𝝂 𝒔𝒊𝒏𝜽

 𝒇 𝝂𝒄𝒐𝒔𝜽, 𝝂𝒔𝒊𝒏𝜽 =  𝒑𝛉 𝛎

 𝐇𝒑 = |𝝂|  𝒑

𝒇 =  𝒅𝜽  𝒇 𝒆𝒊𝝂 𝒙𝒄𝒐𝒔𝜽+𝒚𝒔𝒊𝒏𝜽 |𝝂| 𝒅𝝂



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑

𝐇𝒑 = 𝒉 ∗ 𝒑

 𝒉(𝝂) = |𝝂|



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑

 𝒉(𝝂) = |𝝂|

𝒉 𝒔 =  
ℝ

 𝒉(𝝂) 𝒆𝒊𝝂𝒔 𝒅𝝂

 𝒉

𝝂𝐇𝒑 = 𝒉 ∗ 𝒑



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑

𝒉 𝒔 =  
−𝝀

𝝀
 𝒉(𝝂) 𝒆𝒊𝝂𝒔 𝒅𝝂

 𝒉

𝝂

𝝀−𝝀

𝐇𝒑 = 𝒉 ∗ 𝒑



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑

 𝒑

𝝂

𝝀−𝝀

𝝀 ≥ 𝝂𝒎𝒂𝒙

= 𝟐𝝅 𝑭𝒎𝒂𝒙 = 𝝅

𝒉 𝒔 =  
−𝝀

𝝀
 𝒉(𝝂) 𝒆𝒊𝝂𝒔 𝒅𝝂

 𝒉

𝝂

𝝀−𝝀

𝐇𝒑 = 𝒉 ∗ 𝒑



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑

 𝒑

𝝂

𝝀−𝝀

𝒉 𝒔 =  
−𝝀

𝝀
 𝒉(𝝂) 𝒆𝒊𝝂𝒔 𝒅𝝂

= − 
−𝝅

𝟎

𝝂 𝒆𝒊𝝂𝒔 𝒅𝝂 + 
𝟎

𝝅

𝝂 𝒆𝒊𝝂𝒔 𝒅𝝂

=
𝟐𝝅

𝒔
𝒔𝒊𝒏 𝝅𝒔 +

𝟐

𝒔2
𝒄𝒐𝒔 𝝅𝒔 − 𝟏

 𝒉

𝝂

𝝀−𝝀

𝝀 ≥ 𝝂𝒎𝒂𝒙

= 𝟐𝝅 𝑭𝒎𝒂𝒙 = 𝝅

𝐇𝒑 = 𝒉 ∗ 𝒑



■

𝐇𝒑 = 𝐓𝐅−𝟏  𝒉 𝒑
 𝒉

𝝂

𝝀−𝝀

𝒉 𝐬 =  
−𝝀

𝝀
 𝒉(𝝂) 𝒆𝒊𝝂𝒔 𝒅𝝂

=

𝝅2 𝒆𝒏 𝟎
𝟎 𝒑𝒐𝒖𝒓 𝐬 𝒑𝒂𝒊𝒓

−
𝟒

𝒔2
𝒑𝒐𝒖𝒓 𝐬 𝒊𝒎𝒑𝒂𝒊𝒓

𝐬

𝒉

𝐇𝒑 = 𝒉 ∗ 𝒑



■

𝒇 = 𝐑∗ 𝒑



■

𝒇 = 𝐑∗ 𝒑 𝒇 = 𝐑∗ 𝐇𝒑



■

𝒇 = 𝐑∗ 𝒑 𝒇 = 𝐑∗ 𝐇𝒑



■

𝒇

𝒑



■

𝒇

𝒑
 𝒑



■

𝒇

𝒑

𝒇

𝒑

 𝒑



■

𝒇

𝒑

𝒇

𝒑

𝒇

𝒑

 𝒑



■ g



■

sss
sss
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Collimateur
Collimateur + RI

Distance (cm)

FWHM (cm)



■

𝒑𝒊 ∈ ℕ

𝑉𝑎𝑟 𝒑𝒊 = 𝐸 𝒑𝒊

𝑆𝑁𝑅 =
𝐸 𝒑𝒊

𝜎 𝒑𝒊
≈ 𝒑𝒊

𝐸 𝒑𝒊 = 𝜿 
𝚪𝒊

𝒇



■

𝒑𝒊

𝒇𝒋

𝒊 = 𝟏…𝐍
𝒋 = 𝟏…𝐌



■

𝒑𝒊

𝒇𝒋

𝒊 = 𝟏…𝐍
𝒋 = 𝟏…𝐌

𝐑𝒊𝒋 = ℘ 𝒋 → 𝒊

𝐑 ∈ ℝ𝐍×𝐌



■

𝒑 = 𝐑𝒇 + 𝒔 + 𝒏



■

𝒑 = 𝐑𝒇 + 𝒔 + 𝒏

𝒔

𝒔 ≈ 𝒑 ∗ 𝒉

𝒔 = 𝜿  𝒔

 𝒔



■

𝒑 = 𝐑𝒇 + 𝒔 + 𝒏

𝑬 𝒏 = 𝟎 ; 𝑽 𝒏 ≈ 𝒑

𝒔

𝒔 ≈ 𝒑 ∗ 𝒉

𝒔 = 𝜿  𝒔

 𝒔



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑

∀𝒘 ∈ 𝑰𝒎 𝑹 ∶ 𝒘𝐓𝐑 𝒇 = 𝒘𝐓𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑

∀𝒘 ∈ 𝑰𝒎 𝑹 ∶ 𝒘𝐓𝐑 𝒇 = 𝒘𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝐑𝒈 𝐓𝐑 𝒇 = 𝐑𝒈 𝐓𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑

∀𝒘 ∈ 𝑰𝒎 𝑹 ∶ 𝒘𝐓𝐑 𝒇 = 𝒘𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝐑𝒈 𝐓𝐑 𝒇 = 𝐑𝒈 𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝒈𝐓𝐑∗𝐑 𝒇 = 𝒈𝐓𝐑∗𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑

∀𝒘 ∈ 𝑰𝒎 𝑹 ∶ 𝒘𝐓𝐑 𝒇 = 𝒘𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝐑𝒈 𝐓𝐑 𝒇 = 𝐑𝒈 𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝒈𝐓𝐑∗𝐑 𝒇 = 𝒈𝐓𝐑∗𝒑

𝐑∗𝐑 𝒇 = 𝐑∗𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇

∀𝒘 ∈ 𝑰𝒎 𝑹 ∶ 𝒘𝐓𝐑 𝒇 = 𝒘𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝐑𝒈 𝐓𝐑 𝒇 = 𝐑𝒈 𝐓𝒑

∀𝒈 ∈ 𝛀 ∶ 𝒈𝐓𝐑∗𝐑 𝒇 = 𝒈𝐓𝐑∗𝒑

𝐑∗𝐑 𝒇 = 𝐑∗𝒑

 𝒇 = (𝐑∗𝐑)−𝟏𝐑∗𝒑 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑

 𝒇 ∶ 𝐑 𝒇 = 𝐏𝑰𝒎(𝐑) 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒔 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇
 𝒇 = (𝐑∗𝐑)−𝟏𝐑∗𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑



■

𝒇 𝒑 𝒑 = 𝐑𝒇 + 𝒔 + 𝒏

∄ 𝒇 ∶ 𝐑 𝒇 = 𝒑𝒑 ∉ 𝑰𝒎(𝐑)

𝒑

𝑰𝒎(𝐑)

𝐑 𝒇
 𝒇 = (𝐑∗𝐑)−𝟏𝐑∗𝒑

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈Ω

𝐑𝒇 − 𝒑

𝑑𝑖𝑚 𝐑∗𝐑 = ℴ 105

𝜅 𝐑∗𝐑 ≫



■

𝒇 𝒑



■

𝒇 𝒑

 𝒇𝟎

 𝒑𝟎 = 𝐑 𝒇𝟎(+𝒔)



𝒇 𝒑

 𝒇𝟎 𝒑𝟎

 𝒑𝟎 = 𝐑 𝒇𝟎(+𝒔)

■



𝒇 𝒑

 𝒇𝟎 𝒑𝟎

 𝒑𝟎 = 𝐑 𝒇𝟎(+𝒔)

■



𝒇 𝒑

 𝒇𝟏

 𝒑𝟏 = 𝐑 𝒇𝟏(+𝒔)

 𝒑𝟏

■



𝒇 𝒑

 𝒇𝒏

 𝒑𝒏 = 𝐑 𝒇𝒏(+𝒔)

 𝒑𝒏

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2

 𝒇 = 𝐑∗𝐑 −1 𝐑∗ 𝒑

𝑑𝑖𝑚 𝐑∗𝐑 = ℴ 105

𝜅 𝐑∗𝐑 ≫

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝑱 𝒇

𝑱 𝒇 = 𝐑𝒇 − 𝒑 𝟐

 𝒇 = 𝐑∗𝐑 −𝟏 𝐑∗ 𝒑

 𝒇𝒏+𝟏 =  𝒇𝒏 + 𝜼 𝐑∗ 𝒑 − 𝐑  𝒇𝒏

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2

 𝒇 = 𝐑∗𝐑 −1 𝐑∗ 𝒑

 𝒇𝑛+1 =  𝒇𝑛 + 𝜼 𝐑∗ 𝒑 − 𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2

 𝒇 = 𝐑∗𝐑 −1 𝐑∗ 𝒑

 𝒇𝑛+1 =  𝒇𝑛 + 𝜼 𝐑∗ 𝒑 − 𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2

 𝒇 = 𝐑∗𝐑 −1 𝐑∗ 𝒑

 𝒇𝑛+1 =  𝒇𝑛 + 𝜼 𝐑∗ 𝒑 − 𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇
℘ 𝒑|𝒇 =  

𝑖

𝑒− 𝒑𝑖  𝒑𝑖
𝒑𝑖

𝒑𝑖 !

 𝒑𝑖 = 𝐑𝒇 𝑖

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

𝐽 𝒇 =  
𝑖
𝐑𝒇𝑖 − 𝒑𝑖 𝑙𝑜𝑔(𝐑𝒇𝑖)

■

℘ 𝒑|𝒇 =  
𝑖

𝑒− 𝒑𝑖  𝒑𝑖
𝒑𝑖

𝒑𝑖 !

 𝒑𝑖 = 𝐑𝒇 𝑖



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

𝐽 𝒇 =  
𝑖
𝐑𝒇𝑖 − 𝒑𝑖 𝑙𝑜𝑔(𝐑𝒇𝑖)

 𝒇𝑛+1 =  𝒇𝑛 𝐑∗
𝒑

𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

𝐽 𝒇 =  
𝑖
𝐑𝒇𝑖 − 𝒑𝑖 𝑙𝑜𝑔(𝐑𝒇𝑖)

 𝒇𝑛+1 =  𝒇𝑛 𝐑∗
𝒑

𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

𝐽 𝒇 =  
𝑖
𝐑𝒇𝑖 − 𝒑𝑖 𝑙𝑜𝑔(𝐑𝒇𝑖)

 𝒇𝑛+1 =  𝒇𝑛 𝐑∗
𝒑

𝐑  𝒇𝑛

■



 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝛀

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇

𝐽 𝒇 =  
𝑖
𝐑𝒇𝑖 − 𝒑𝑖 𝑙𝑜𝑔(𝐑𝒇𝑖)

 𝒇𝑛+1 =  𝒇𝑛 𝐑∗
𝒑

𝐑  𝒇𝑛

■



𝐑 𝜅 𝐑 ≫

𝒑 = 𝐑𝒇



𝐑 𝜅 𝐑 ≫

𝒑 = 𝐑𝒇

Δ𝒇

𝒇
≤ 𝜅 𝐑

Δ𝒑

𝒑
≈ ℴ

1

𝒑



𝐑 𝜅 𝐑 ≫

𝒑 = 𝐑𝒇

Δ𝒇

𝒇
≤ 𝜅 𝐑

Δ𝒑

𝒑
≈ ℴ

1

𝒑

30 M

2 M

100 K8 K



■

 𝒇 𝝂𝒄𝒐𝒔𝛉, 𝝂𝒔𝒊𝒏𝛉 =  𝒑𝛉 𝛎

𝜈𝑥

𝜈𝑦



 𝒇 𝝂𝒄𝒐𝒔𝛉, 𝝂𝒔𝒊𝒏𝛉 =  𝒑𝛉 𝛎

𝜈𝑥

𝜈𝑦

BF
HF

■



𝒇 = 𝐑∗ 𝐇𝒑

 𝐇𝒑 = |𝝂|  𝒑

 𝒑

𝝂

 𝐇𝒑

𝜈0 𝜈0 𝜈0

■



𝒇 = 𝐑∗ 𝐇𝒑

 𝐇𝒑 = |𝝂|  𝒑

 𝒑

𝝂

 𝐇𝒑

𝜈0 𝜈0 𝜈0

■



𝒇 = 𝐑∗ 𝐁𝐇𝒑  𝐁𝐇𝒑 =
|𝝂|  𝒑

𝟏 +
𝝂
𝝂𝒄

𝜷

 𝒑  𝐁𝐇𝒑

𝜈0 𝜈0 𝜈0

𝝂𝒄 = 0,5

■



𝒇 = 𝐑∗ 𝐁𝐇𝒑  𝐁𝐇𝒑 =
|𝝂|  𝒑

𝟏 +
𝝂
𝝂𝒄

𝜷

 𝒑

𝜈0 𝜈0 𝜈0

𝝂𝒄 = 0,25

 𝐁𝐇𝒑

■



𝑙𝑜𝑔 ℘ 𝒑|𝒇

iter

■



𝑙𝑜𝑔 ℘ 𝒑|𝒇

iter

𝐵𝑖𝑎𝑠

4 10 25 100 250

𝐸  𝒇

■



𝑙𝑜𝑔 ℘ 𝒑|𝒇

iter

𝐵𝑖𝑎𝑠
𝑉𝑎𝑟

4 10 25 100 250

■

𝐸  𝒇

 𝒇



𝑙𝑜𝑔 ℘ 𝒑|𝒇

iter

𝐵𝑖𝑎𝑠

4 10 25 100 250

 𝒇

𝑉𝑎𝑟

𝑹𝑴𝑺𝑬

■

𝐸  𝒇



■

FWHM :      2 pix 3,5 pix 5 pix

500 K

8 M

𝒉 ∗  𝒇



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2 + 𝜌 𝒇



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2 + 𝜌 𝒇





■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2 + 𝜌 𝒇

 



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2 + 𝛽 𝒇 𝟐



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = 𝐑𝒇 − 𝒑 2 + 𝛽 𝒇 𝟐

 𝒇 = 𝐑∗𝐑+ 𝛽𝐈 −1 𝐑∗ 𝒑

 𝒇𝑛+1 = (1 − 𝛽) 𝒇𝑛 +𝜼 𝐑∗ 𝒑 − 𝐑  𝒇𝑛



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

Posterior



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑 ℘ 𝒇|𝒑 =
℘ 𝒑|𝒇 ℘ 𝒇

℘ 𝒑

Posterior



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇

Posterior

℘ 𝒇|𝒑 =
℘ 𝒑|𝒇 ℘ 𝒇

℘ 𝒑



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇



Posterior

Likelihood



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇

 

Posterior

Likelihood Prior



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇

℘ 𝒇 = 𝜅 𝑒−𝛽U

Posterior

Likelihood Prior



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇

℘ 𝒇 = 𝜅 𝑒−𝛽U

Posterior

Likelihood Prior

U =  
𝑖,𝑗
𝑤𝑖𝑗 𝒇𝑖 − 𝒇𝑗

2

𝑤1𝑠𝑡 = 1

𝑤2𝑛𝑑 = 1/ 2

𝑤 = 0



■

 𝒇 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝒇∈𝐶

𝐽 𝒇

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒇|𝒑

𝐽 𝒇 = −𝑙𝑜𝑔 ℘ 𝒑|𝒇 − 𝑙𝑜𝑔 ℘ 𝒇

℘ 𝒇 = 𝜅 𝑒−𝛽U

 𝒇𝑛+1 =
 𝒇𝑛

1 + 𝛽 𝛁U
𝐑∗

𝒑

𝐑  𝒇𝑛

Posterior

Likelihood Prior

U =  
𝑖,𝑗
𝑤𝑖𝑗 𝒇𝑖 − 𝒇𝑗

2

𝑤1𝑠𝑡 = 1

𝑤2𝑛𝑑 = 1/ 2

𝑤 = 0



■

200 K

4 M

𝜷 = 𝟎 𝟐. 𝟏𝟎−𝟒 𝟏𝟎−𝟑 𝟓. 𝟏𝟎−𝟑

𝜷 = 𝟎 𝟏𝟎−𝟓 𝟓. 𝟏𝟎−𝟓 𝟐, 𝟓. 𝟏𝟎−𝟒



■

U =  
𝑖,𝑗
𝑤𝑖𝑗 𝒇𝑖 − 𝒇𝑗

2

U =  
𝑖,𝑗
𝑤𝑖𝑗 𝒇𝑖 − 𝒇𝑗

200 K

4 M



■

𝒑 𝐳, 𝛉, 𝐬





■

𝒑 𝛅, 𝐳, 𝛉, 𝐬



■

𝒑 𝛅 = 𝒕𝒂𝒏𝛙, 𝐳, 𝛉, 𝐬



y



■

𝛅𝟎 = 𝟎 𝛅𝐧 > 𝟎



■

𝒑 𝟎, 𝐳, 𝛉, 𝐬 → 𝒇(𝒙, 𝒚, 𝒛)

𝛅𝟎 = 𝟎



■

𝛅𝐧 > 𝟎

𝒑 𝛅𝐧>𝟎, 𝐳, 𝛉, 𝐬 ↛ 𝒇(𝒙, 𝒚, 𝒛)



■

𝛅𝐧 > 𝟎

𝒑 𝟎, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟏, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟐, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟑, 𝐳, 𝛉, 𝐬

𝒑 𝛅𝐧>𝟎, 𝐳, 𝛉, 𝐬 ↛ 𝒇(𝒙, 𝒚, 𝒛)

→ 𝒇(𝒙, 𝒚, 𝒛)



■

𝒑 𝟎, 𝐳, 𝛉, 𝐬 → 𝒇(𝒙, 𝒚, 𝒛)

↘



■

𝒑 𝟎, 𝐳, 𝛉, 𝐬 , 𝒑 𝛅𝟏, 𝐳, 𝛉, 𝐬 , 𝒑 𝛅𝟐, 𝐳, 𝛉, 𝐬 , …

↓
𝒑 𝟎, 𝐳, 𝛉, 𝐬

↓
𝒇(𝒙, 𝒚, 𝒛)



■

 𝒑 𝟎, 𝛇, 𝐤,𝛚 = 𝒆−𝒊 𝐤 𝒂𝒕𝒂𝒏(
𝛅𝛇
𝛚′)  𝒑 𝛅, 𝛇, 𝐤,𝛚′

𝛚′ = 𝛚2 − 𝛅²𝛇²



■

 𝒑 𝟎, 𝛇, 𝐤,𝛚 = 𝒆−𝒊 𝐤 𝒂𝒕𝒂𝒏(
𝛅𝛇
𝛚′)  𝒑 𝛅, 𝛇, 𝐤,𝛚′

𝛚′ = 𝛚2 − 𝛅²𝛇²

 𝒑 𝟎, 𝐳, 𝐤,𝛚 =  𝒑 𝛅, 𝐳 +
𝐤𝛅

𝛚
, 𝐤,𝛚

 𝒑 𝟎, 𝐳, 𝐤, 𝛚

 𝒑 𝛅𝐧, 𝐳 +
𝐤𝛅𝐧

𝛚
, 𝐤,𝛚

𝐧=1 𝐧=2 𝐧=N



■

↗

𝒑 𝟎, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟏, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟐, 𝐳, 𝛉, 𝐬
𝒑 𝛅𝟑, 𝐳, 𝛉, 𝐬

→ 𝒇(𝒙, 𝒚, 𝒛)



■

𝒑 𝛅, 𝐳, 𝛉, 𝐬 = 𝐑𝟑𝐃 𝒇 (𝒙, 𝒚, 𝒛)

𝑫𝒊𝒎 𝐑𝟑𝐃 >>

𝐑𝟑𝐃 ∶ ℝ3 → ℝ2 × 𝐶1 × 0…N



■

𝒑 𝟎, 𝐳, 𝛉, 𝐬 →  𝒇 (𝒙, 𝒚, 𝒛)

 𝒑 𝛅𝐧>𝟎, 𝐳, 𝛉, 𝐬 𝒑 𝛅𝐧>𝟎, 𝐳, 𝛉, 𝐬

𝒑 𝛅𝐧>𝟎, 𝐳, 𝛉, 𝐬

→ 𝒇(𝒙, 𝒚, 𝒛)

𝐑  𝒇

𝒑 𝟎, 𝐳, 𝛉, 𝐬



■

𝒇(𝒙, 𝒚, 𝒛)

𝛉



■

𝒇(𝒙, 𝒚, 𝒛)

𝒑𝛉(𝐬𝟏, 𝐬𝟐)

𝛉

𝛑



■

𝒇(𝒙, 𝒚, 𝒛)

 𝒑𝛉(𝛚𝟏, 𝛚𝟐)

𝛉





TF 2D𝛑

𝒑𝛉(𝐬𝟏, 𝐬𝟐)



■

𝒇(𝒙, 𝒚, 𝒛)

 𝒑𝛉(𝛚𝟏, 𝛚𝟐)

𝛉





TF 2D


𝛉





𝛑 𝛑

 𝒇 𝝃𝒙, 𝝃𝒚, 𝝃𝒛 = 𝑹𝛉 𝛚𝟏, 𝛚𝟐 =  𝒑𝛉(𝛚𝟏, 𝛚𝟐)

𝒑𝛉(𝐬𝟏, 𝐬𝟐)  𝒇(𝝃𝒙, 𝝃𝒚, 𝝃𝒛)



■


𝛉





 𝒇 𝝃𝒙, 𝝃𝒚, 𝝃𝒛 = 𝑹𝛉 𝛚𝟏, 𝛚𝟐 =  𝒑𝛉(𝛚𝟏, 𝛚𝟐)

𝛑

𝛑 ℝ𝟑

𝛉 ∈ 𝛀 ⊂ 𝐒𝟐

∃ 𝐂 ∈ 𝐒𝟐 ∶ 𝐂 ⊂ 𝛀
∀ 𝐂 ∈ 𝐒𝟐 ∶ 𝛀 ∩ 𝐂 ≠ ∅

 𝒇



■


𝛉





 𝒇 𝝃𝒙, 𝝃𝒚, 𝝃𝒛 = 𝑹𝛉 𝛚𝟏, 𝛚𝟐 =  𝒑𝛉(𝛚𝟏, 𝛚𝟐)

𝛑

𝛉 ∈ 𝛀 ⊂ 𝐒𝟐

∃ 𝐂 ∈ 𝐒𝟐 ∶ 𝐂 ⊂ 𝛀
∀ 𝐂 ∈ 𝐒𝟐 ∶ 𝛀 ∩ 𝐂 ≠ ∅

𝛑 ℝ𝟑

 𝒇


