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𝐼1 ∈ ℝ𝑟1×𝑐1

𝐼1 ∈ ℝ𝑟2×𝑐2

𝐱 ∈ ℝ𝑑

𝐱 ∈ ℝ𝑑

(𝑑 ≪ 𝑟 × 𝑐)

𝑙 ∈ Λ

𝑙 ∈ Λ
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http://home.deib.polimi.it/boracchi/teaching/ImageClassification.htm
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𝐺 𝑟, 𝑐 = 𝑇𝑈 𝐼(𝑟, 𝑐)

• 𝐼

• 𝐺

• 𝑇𝑈: ℝ
3 → ℝ3 𝑇𝑈: ℝ

3 → ℝ

• 𝑈

𝑇 𝐼 𝑈

(𝑟, 𝑐) 𝑇𝑈 𝐼(𝑟, 𝑐)
𝐼 𝑥, 𝑦 , 𝑥 − 𝑟, 𝑦 − 𝑐 ∈ 𝑈



𝐼 𝑥, 𝑦 , 𝑥 − 𝑟, 𝑦 − 𝑐 ∈ 𝑈

(𝑟, 𝑐)

𝑈

𝐼𝑇𝑈[𝐼]

(𝑟, 𝑐)



𝐼 𝑥, 𝑦 , 𝑥 − 𝑟, 𝑦 − 𝑐 ∈ 𝑈
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• 𝑇

(𝑟, 𝑐)

𝐼𝑇𝑈[𝐼]

(𝑟, 𝑐)

𝑈



𝑇 𝐼 𝑟, 𝑐 = 

𝑥,𝑦 ∈𝑈

𝑤𝑖 ∗ 𝐼(𝑟 + 𝑥, 𝑐 + 𝑦)

{𝑤𝑖}
𝑐

𝑟

𝐼



𝑇 𝐼 𝑟, 𝑐 = 

𝑥,𝑦 ∈𝑈

𝑤(𝑥, 𝑦) ∗ 𝐼(𝑟 + 𝑥, 𝑐 + 𝑦)

𝑐

𝑟

𝑤(−1,−1) 𝑤(−1,0) 𝑤(−1,1)

𝑤(0,−1) 𝑤(0,0) 𝑤(0,1)

𝑤(1, −11) 𝑤(1,0) 𝑤(1,1)

𝑈

𝐼

ℎ

ℎ



𝐻 𝜆 𝑓 𝑡 + 𝜇 𝑔(𝑡) = 𝜆𝐻 𝑓 (𝑡) + 𝜇 𝐻 𝑔 (𝑡)

𝜆, 𝜇, 𝑓, 𝑔
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(𝑟, 𝑐)

𝐼 𝑟, 𝑐 == 1

• 𝑈(𝑟,𝑐) (𝑟, 𝑐)

• 𝐼 𝑢, 𝑣 == 0 ∀ 𝑢, 𝑣 ∈ 𝑈 𝑟,𝑐

• 𝐿(𝑟, 𝑐)

• 𝐿 𝑟, 𝑐 = min 𝐿 𝑢, 𝑣 over 𝑈(𝑟,𝑐)

• 𝑈(𝑟,𝑐)
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𝐿 = {1}



𝐿 = {1,2}



𝐿 = {1,2,3}



𝐿 = {1,2,3,4}



𝐿 = {1,2,3,4,5,6,7}



(𝑟, 𝑐)

𝐼 𝑟, 𝑐 == 1



By Dhull003 - Own work, Public Domain, https://commons.wikimedia.org/w/index.php?curid=10166888
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𝑇 = 𝐼 > Γ



𝐵 = 𝑇 ⊖ ℎ
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𝐼 ⊛ ℎ𝑥



𝐼 ⊛ ℎ𝑦



𝛻𝐼 = 𝐼 ⊛ 𝑑𝑥
2 + (𝐼 ⊛ 𝑑𝑦)

2

𝛻𝐼 𝑟, 𝑐 =
𝐼 ⊛ 𝑑𝑥
𝐼 ⊛ 𝑑𝑦

(𝑟, 𝑐)



∠𝛻𝐼 𝑟, 𝑐 = atand
𝛻𝐼2(𝑟, 𝑐)

𝛻𝐼1(𝑟, 𝑐)
= atand

𝐼 ⊛ 𝑑𝑥 (𝑟, 𝑐)

𝐼 ⊛ 𝑑𝑥 (𝑟, 𝑐)





Poor singnal-to-noise ratio Poor localization Too many responsesTrue Edge
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J. Canny “A Computational Approach to Edge Detection” IEEE PAMI vol 8, no. 6, Nov. 1986 
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𝜃(𝒙𝟎) = atan
ൗ𝜕 𝜕𝑦 𝐼(𝒙𝟎)

ൗ𝜕 𝜕𝑥 𝐼(𝒙𝟎)
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𝑛 𝑛−1
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• 𝑛
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{ 𝜌, 𝜃 , 𝜌 ∈ −𝐿, 𝐿 , 𝜃 ∈ −
𝜋

2
,
𝜋

2
}

𝑥 cos 𝜃 + 𝑦 sin 𝜃 = 𝜌

𝜌

𝜃



{ 𝜌, 𝜃 , 𝜌 ∈ −𝐿, 𝐿 , 𝜃 ∈ −
𝜋

2
,
𝜋

2
}

𝑥 cos 𝜃 + 𝑦 sin 𝜃 = 𝜌

𝜌, 𝜃

𝜌, 𝜃



By Daf-de - Own work, CC BY 2.5, https://commons.wikimedia.org/w/index.php?curid=1121165
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𝑥 = [𝑓1, 𝑓2, 𝑓3]

𝑓1 𝑇1
ො𝑦 = 1

𝑓1 𝑇2
ො𝑦 = 2

𝑓2 𝑇3
ො𝑦 =

ො𝑦 = 3



𝑇1𝑇2

𝑇3

ෝ𝒚 = 𝟒

ෝ𝒚 = 𝟑 ෝ𝒚 = 𝟐 ෝ𝒚 =1





𝛼𝑓1 + 𝛽𝑓2 𝑇1
ො𝑦 = 1 . .
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𝑇1𝑇2

𝑇3

ෝ𝒚 = 𝟒

ෝ𝒚 = 𝟑 ෝ𝒚 = 𝟐 ෝ𝒚 =1
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