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𝐺 𝑟, 𝑐 = 𝑇 𝐼(𝑟, 𝑐)

• 𝐼

• 𝐺

• 𝑇: ℝ3 → ℝ3 𝑇: ℝ3 → ℝ

𝑇



→

𝑇: ℝ3 → ℝ

𝐺𝑟𝑎𝑦 𝑟, 𝑐 = 0.299, 0.587, 0.114 ∗ [𝑅 𝑟, 𝑐 , 𝐺 𝑟, 𝑐 , 𝐵 𝑟, 𝑐 ]′

𝐺𝑟𝑎𝑦(𝑟, 𝑐) = 0.299 ∗ 𝑅(𝑟, 𝑐) + 0.587 ∗ 𝐺(𝑟, 𝑐) + 0.114 ∗ 𝐵(𝑟, 𝑐)



𝑇: ℝ3 → ℝ3
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𝐼

𝑇
(𝐼
)

𝑇(⋅)



𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇



𝐼 𝐺 = 𝑇(𝐼)



𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇



𝐼 𝐺 = 𝑇(𝐼)



𝐺 𝑟, 𝑐 = 𝐼 𝑟, 𝑐 𝛾

• 𝛾

• 𝛾



𝐺 𝑟, 𝑐 = 𝐼 𝑟, 𝑐 𝛾

• 𝛾

• 𝛾



𝐺 𝑟, 𝑐 = 𝐼 𝑟, 𝑐 𝛾

• 𝛾

• 𝛾



𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇





𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇





𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇 𝐼 𝑟, 𝑐 = ቊ
255, if 𝐼 𝑟, 𝑐 ≥ 𝛤
0, if 𝐼 𝑟, 𝑐 < 𝛤

𝛤
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𝐼

𝑇
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)

𝑇(⋅)

𝛤

𝛤
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𝑇:ℝ → ℝ

𝐼

𝑇
(𝐼
)

𝑇(⋅)

𝑇 𝐼 𝑟, 𝑐 = ൝
𝑇 𝐼 𝑟, 𝑐 , if 𝐼 𝑟, 𝑐 ≥ 𝛤

0, if 𝐼 𝑟, 𝑐 < 𝛤

𝛤

𝛤





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
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𝑈

𝐼𝑇𝑈[𝐼]

(𝑟, 𝑐)



𝐼 𝑥, 𝑦 , 𝑥 − 𝑟, 𝑦 − 𝑐 ∈ 𝑈
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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
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𝑐

𝑟
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𝑈

𝐼

ℎ
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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
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ℎ

𝐼 ⊗ ℎ = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

ℎ(𝑢, 𝑣) ∗ 𝐼(𝑟 + 𝑢, 𝑐 + 𝑣)

ℎ (2𝐿 + 1) × (2𝐿 + 1)



* =



* =



* =
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𝑖 −

𝑖 −

𝑊 𝑖, : ∗ 𝒙

𝑾 𝒊, :

𝑊 𝑖, :
𝑖 −



http://cs231n.stanford.edu/
http://cs231n.github.io/


•

•

• 

•

•





ℎ

𝐼 ⊗ ℎ = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

ℎ(𝑢, 𝑣) ∗ 𝐼(𝑟 + 𝑢, 𝑐 + 𝑣)

ℎ (2𝐿 + 1) × (2𝐿 + 1)

ℎ

𝐼 ⊛ ℎ = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

ℎ(𝑢, 𝑣) ∗ 𝐼(𝑟 − 𝑢, 𝑐 − 𝑣)

ℎ (2𝐿 + 1) × (2𝐿 + 1)



𝑦, ℎ (2𝐿 + 1) × (2𝐿 + 1)

𝑧 𝑖, 𝑗 = 𝑦 ⨂ℎ 𝑟, 𝑐 = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

𝑦(𝑟 + 𝑢, 𝑐 + 𝑣)ℎ −𝑢,−𝑣

flipX 

ℎ

flipY 

⋅

𝑧5 = ℎ9𝑦1+ ℎ8𝑦2 + ℎ7𝑦3 + ℎ6𝑦4 + ℎ5𝑦5 + ℎ5𝑦6 + ℎ3𝑦7 + ℎ2𝑦8 + ℎ1𝑦9

𝐿 = 1
3 × 3
𝑟, 𝑐 = (0,0)



𝑦 , ℎ (2𝐿 + 1) × (2𝐿 + 1)

𝑧 𝑖, 𝑗 = 𝑦 ⨂ℎ 𝑟, 𝑐 = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

𝑦(𝑟 + 𝑢, 𝑐 + 𝑣)ℎ −𝑢,−𝑣

flipX 

ℎ

flipY 

⋅

𝑧5 = ℎ9𝑦1+ ℎ8𝑦2 + ℎ7𝑦3 + ℎ6𝑦4 + ℎ5𝑦5 + ℎ5𝑦6 + ℎ3𝑦7 + ℎ2𝑦8 + ℎ1𝑦9



𝑦 , ℎ (2𝐿 + 1) × (2𝐿 + 1)

𝑧 𝑖, 𝑗 = 𝑦 ⨂ℎ 𝑟, 𝑐 = 

𝑢=−𝐿

𝐿



𝑣=−𝐿

𝐿

𝑦(𝑟 + 𝑢, 𝑐 + 𝑣)ℎ −𝑢,−𝑣

flipX 

ℎ

flipY 

⋅

𝑧5 = ℎ9𝑦1+ ℎ8𝑦2 + ℎ7𝑦3 + ℎ6𝑦4 + ℎ5𝑦5 + ℎ5𝑦6 + ℎ3𝑦7 + ℎ2𝑦8 + ℎ1𝑦9
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𝜆𝐼1 + 𝜇𝐼2 ⊛ℎ (𝑟, 𝑐) = 𝜆 𝐼1 ⊛ℎ (𝑟, 𝑐) + 𝜇 𝐼2 ⊛ℎ (𝑟, 𝑐)

𝜆, 𝜇 ∈ ℝ

ℎ,



ℎ

⊛ =



𝐼1 ⊛ 𝐼2 = 𝐼2 ⊛ 𝐼1

𝐼 ℎ
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⊛ =



⊛ =



⊛ =



⊛ =



𝐼1 ⊛ 𝐼2 = 𝐼2 ⊛ 𝐼1

•

•



𝑓 ⊛ 𝑔⊛ ℎ = (𝑓 ⊛ 𝑔)⊛ ℎ = 𝑓 ⊛ 𝑔⊛ ℎ

𝑓 ⊛ 𝑔 + ℎ = 𝑓 ⊛ 𝑔 + 𝑓 ⊛ ℎ

𝐼(⋅ −𝑟0,⋅ −𝑐0) ⊛ ℎ 𝑟, 𝑐 = 𝐼 ⊛ ℎ 𝑟 − 𝑟0, 𝑐 − 𝑐0



𝑓 ⊛ 𝑔⊛ ℎ = (𝑓 ⊛ 𝑔)⊛ ℎ = 𝑓 ⊛ 𝑔⊛ ℎ

𝑓 ⊛ 𝑔 + ℎ = 𝑓 ⊛ 𝑔 + 𝑓 ⊛ ℎ

𝐼(⋅ −𝑟0,⋅ −𝑐0) ⊛ ℎ 𝑟, 𝑐 = 𝐼 ⊛ ℎ 𝑟 − 𝑟0, 𝑐 − 𝑐0
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Discrete Approximation
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Convolution Kernels
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Smooth Differentiate

ℎ𝑥 =

ℎ𝑦 = ℎ′ =
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Smooth Differentiate
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Smooth Differentiate

ℎ𝑥 =

ℎ𝑦 = ℎ′ =

⊛
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Smooth Differentiate
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𝛻𝐼 𝑟, 𝑐 =
𝐼 ⊛ 𝑑𝑥
𝐼 ⊛ 𝑑𝑦

(𝑟, 𝑐)

𝑑𝑥 =
1 1 1
0 0 0
−1 −1 −1

, 𝑑𝑦 = 𝑑𝑥′

• |𝛻𝐼 𝑟, 𝑐 |

• ∠𝛻𝐼 𝑟, 𝑐















𝛻𝐼𝑥 = 𝐼 ⊛ ℎ𝑥

𝜵𝐼(𝑟, 𝑐) =
𝛻𝐼𝑥(𝑟, 𝑐)
𝛻𝐼𝑦(𝑟, 𝑐)



𝛻𝐼𝑦 = 𝐼 ⊛ ℎ𝑦

𝜵𝐼(𝑟, 𝑐) =
𝛻𝐼𝑥(𝑟, 𝑐)
𝛻𝐼𝑦(𝑟, 𝑐)



𝛻𝐼 = 𝐼 ⊛ ℎ𝑥
2 + 𝐼 ⊛ ℎ𝑦

2

𝜵𝐼(𝑟, 𝑐) =
𝛻𝐼𝑥(𝑟, 𝑐)
𝛻𝐼𝑦(𝑟, 𝑐)





𝛻2𝐼 =
𝜕2𝐼

𝜕𝑥2
+
𝜕2𝐼

𝜕𝑦2

𝜕2𝐼

𝜕𝑥2
= 𝐼 𝑥 + 1, 𝑦 + 𝐼 𝑥 − 1, 𝑦 − 2𝐼(𝑥, 𝑦)

𝜕2𝐼

𝜕𝑦2
= 𝐼 𝑥, 𝑦 − 1 + 𝐼 𝑥, 𝑦 + 1 − 2𝐼(𝑥, 𝑦)

𝛻2𝐼 = 𝐼 𝑥 + 1, 𝑦 + 𝐼 𝑥 − 1, 𝑦 + 𝐼 𝑥, 𝑦 − 1 + 𝐼 𝑥, 𝑦 + 1 − 4𝐼 𝑥, 𝑦



0 1 0

1 -4 1

0 1 0

1 1 1

1 -8 1

1 1 1

𝛻2𝐼 =
𝜕2𝐼

𝜕𝑥2
+
𝜕2𝐼

𝜕𝑦2







𝐺(𝑟, 𝑐) = 𝐼(𝑟, 𝑐) + 𝑘[𝛻2𝐼 𝑟, 𝑐 ]



𝐺(𝑟, 𝑐) = 𝐼(𝑟, 𝑐) + 𝑘[𝛻2𝐼 𝑟, 𝑐 ]
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http://bit.ly/numpy-flags
http://cs231n.github.io/classification/
http://www.scipy-lectures.org/packages/scikit-image/index.html
http://cs231n.github.io/python-numpy-tutorial/

