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𝐼1 ∈ ℝ𝑟1×𝑐1

𝐼1 ∈ ℝ𝑟2×𝑐2

𝐱 ∈ ℝ𝑑

𝐱 ∈ ℝ𝑑

C
la

ss
if

ie
r

(𝑑 ≪ 𝑟 × 𝑐)

“parcel”

“double”

𝑙 ∈ Λ

𝑙 ∈ Λ



•

•

•

•

•



•

•

•

•



𝐷d𝐷c 𝐷m 𝐷h



𝐱𝐜 ∈ ℝ𝑀 𝐱𝐝 ∈ ℝ𝑀 𝐱𝐦 ∈ ℝ𝑀 𝐱𝐡 ∈ ℝ𝑀

𝐷d𝐷c 𝐷m 𝐷h
𝐼 ∈ ℝ𝑟×𝑐



𝐱𝐜 ∈ ℝ𝑀 𝐱𝐝 ∈ ℝ𝑀 𝐱𝐦 ∈ ℝ𝑀 𝐱𝐡 ∈ ℝ𝑀

𝐷d𝐷c 𝐷m 𝐷h

Identify the lowest reconst. error 𝑙 ∈ Λ

𝐼 − 𝐷𝒍𝐱𝒄 2
, 𝐱𝒍 1

, 𝑙 ∈ Λ

𝐼 ∈ ℝ𝑟×𝑐



𝐷d𝐷c 𝐷m 𝐷h

𝐷 = 𝐷c, 𝐷d, 𝐷m, 𝐷h



𝐷d𝐷c 𝐷m 𝐷h

𝐱 ∈ ℝ𝑀 s.t. 𝐼 ≈ 𝐷𝐱 and 𝐱
𝟎
< 𝜏

𝐷 = 𝐷c, 𝐷d, 𝐷m, 𝐷h

Identify the lowest reconst. error 𝑙 ∈ Λ

𝐼 ∈ ℝ𝑟×𝑐 Sparse Coding



𝐷d𝐷c 𝐷m 𝐷h

𝐱 ∈ ℝ𝑀 s.t. 𝐼 ≈ 𝐷𝐱 and 𝐱
𝟎
< 𝜏

𝐷 = 𝐷c, 𝐷d, 𝐷m, 𝐷h

𝐼 ∈ ℝ𝑟×𝑐 Sparse Coding

Classifier 𝑙 ∈ Λ



•

•

•

•

𝑑 ≈ 102 − 103

•

•
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𝑇 ∈ ℝ𝑟1×𝑐1

𝐼1 ∈ ℝ𝑟2×𝑐2

𝑿𝟏 ∈ ℝ𝑑×𝑁1

𝑿𝟐 ∈ ℝ𝑑×𝑁2

M
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(𝑑 ≪ 𝑟 × 𝑐)
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𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝑟

𝐼𝑐 𝑐 + 𝑥

𝑟 + 𝑦

𝐼 𝑢, 𝑣 , 𝑢, 𝑣 ∈ 𝑈𝑟,𝑐

𝐼 𝑢 − 𝑥, 𝑣 − 𝑦 , 𝑢, 𝑣 ∈ 𝑈𝑟,𝑐







min
𝑥,𝑦

𝐸𝑥,𝑦(𝑟, 𝑐)

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝑀





• (𝑟, 𝑐)

• 𝑈𝑟,𝑐

• 𝐸𝑥,𝑦 𝑟, 𝑐

𝑟, 𝑐
(𝑟 − 𝑥, 𝑐 − 𝑦)

• 𝑈𝑟,𝑐
(𝑢, 𝑣)

(𝑟, 𝑐)

𝑈𝑟,𝑐

(𝑟 + 𝑥, 𝑐 + 𝑦)



𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝑥, 𝑦 ∈ 1,0 , 0,1 , −1,0 , 0, −1

𝑤𝑟,𝑐 (𝑟, 𝑐)

𝑈𝑟,𝑐



𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝑥, 𝑦 ∈ 1,0 , 0,1 , −1,0 , 0, −1

𝑤𝑟,𝑐 (𝑟, 𝑐)

𝑈𝑟,𝑐

𝐸𝑥,𝑦
𝑥, 𝑦

𝐻𝑀 𝑟, 𝑐 = 𝑇𝛾 min
𝑥,𝑦

𝐸𝑥,𝑦 𝑟, 𝑐

𝑇𝛾 𝛾



𝑤𝑟,𝑐

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2



𝑥, 𝑦

𝐼(𝑢 − 𝑥, 𝑣 − 𝑦)

𝐼 𝑢 − 𝑥, 𝑣 − 𝑦 = 𝐼 𝑢, 𝑣 + 𝑥𝐼𝑥 𝑢, 𝑣 + 𝑦𝐼𝑦 𝑢, 𝑣 + 𝑂(𝑥2, 𝑦2)

𝐼𝑥(⋅) =
𝜕

𝜕𝑥
𝐼(⋅) 𝐼𝑦(⋅) =

𝜕

𝜕𝑦
𝐼(⋅)

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝑥𝐼𝑥 𝑢, 𝑣 + 𝑦𝐼𝑦 𝑢, 𝑣 + 𝑂 𝑥2, 𝑦2
2



𝑥, 𝑦

𝐼(𝑢 − 𝑥, 𝑣 − 𝑦)

𝐼 𝑢 − 𝑥, 𝑣 − 𝑦 = 𝐼 𝑢, 𝑣 + 𝑥𝐼𝑥 𝑢, 𝑣 + 𝑦𝐼𝑦 𝑢, 𝑣 + 𝑂(𝑥2, 𝑦2)

𝐼𝑥(⋅) =
𝜕

𝜕𝑥
𝐼(⋅) 𝐼𝑦(⋅) =

𝜕

𝜕𝑦
𝐼(⋅)

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝑥𝐼𝑥 𝑢, 𝑣 + 𝑦𝐼𝑦 𝑢, 𝑣 + 𝑂 𝑥2, 𝑦2
2



𝐸𝑥,𝑦 𝑟, 𝑐 ≈ 

𝑢,𝑣∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝑥𝐼𝑥 𝑢, 𝑣 + 𝑦𝐼𝑦 𝑢, 𝑣
2

𝐸𝑥,𝑦 𝑟, 𝑐

≈ 

(𝑢,𝑣)∈𝑈𝑟,𝑐

𝑤𝑟,𝑐 𝑢, 𝑣 𝑥2𝐼𝑥
2 𝑢, 𝑣 + 𝑦2𝐼𝑦

2 𝑢, 𝑣 + 2𝑥𝑦𝐼𝑥 𝑢, 𝑣 𝐼𝑦 𝑢, 𝑣

≈ 𝑥2 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐 𝑢, 𝑣 𝐼𝑥
2 𝑢, 𝑣 + 𝑦2 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐 𝑢, 𝑣 𝐼𝑦
2 𝑢, 𝑣 +

+2𝑥𝑦 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐 𝑢, 𝑣 𝐼𝑥 𝑢, 𝑣 𝐼𝑦(𝑢, 𝑣)



𝐸𝑥,𝑦 𝑟, 𝑐 ≈ 𝑥, 𝑦 𝑀𝑟,𝑐

𝑥
𝑦

𝑀𝑟,𝑐 =
(𝐼𝑥
2⊛𝑤)(𝑟, 𝑐) (𝐼𝑥 𝐼𝑦 ⊛𝑤)(𝑟, 𝑐)

(𝐼𝑥 𝐼𝑦 ⊛𝑤)(𝑟, 𝑐) (𝐼𝑦
2 ⊛𝑤)(𝑟, 𝑐)

≐
𝐼𝑥
2 ⊛𝑤 𝐼𝑥 𝐼𝑦 ⊛𝑤

𝐼𝑥 𝐼𝑦 ⊛𝑤 𝐼𝑦
2 ⊛𝑤

(𝑟, 𝑐)

𝐼𝑥 𝐼𝑦



𝑬𝒙,𝒚 𝒓, 𝒄 𝒓, 𝒄

𝒙, 𝒚

𝐸𝑥,𝑦 𝑟, 𝑐 ≈ 𝑥, 𝑦
(𝐼𝑥
2⊛𝑤)(𝑟, 𝑐) 𝐼𝑥 𝐼𝑦 ⊛𝑤 𝑟, 𝑐

(𝐼𝑥 𝐼𝑦 ⊛𝑤)(𝑟, 𝑐) 𝐼𝑦
2 ⊛𝑤 𝑟, 𝑐

𝑥
𝑦

(𝑥, 𝑦)
𝑀𝑟,𝑐 (𝑟, 𝑐)

𝑀𝑟,𝑐



𝑀𝑟,𝑐

𝑟, 𝑐

homogeneous

edge

corner



2
“Corner”

1 and 2 are 

large,

1 ~ 2;

E increases in 

all directions

“Edge” 

1 >> 2

“Edge” 

2 >> 1

“Flat”

region

1𝜆1 𝜆2
𝑀

 𝑆𝑉𝐷(𝑀𝑟,𝑐 )

 𝐸𝑥,𝑦 𝑟, 𝑐

(𝑥, 𝑦)



𝑇𝑟 𝑀 = 𝜆1 + 𝜆2
det 𝑀 = 𝜆1 ⋅ 𝜆2

det 𝑀 − 𝑘 𝑇𝑟(𝑀)

𝜆1 𝜆2
𝑘 = 0.04.



 

 

 

 





𝑬𝒙,𝒚 𝒓, 𝒄 𝒓, 𝒄

𝒙, 𝒚

𝑀𝑟,𝑐 =
(𝐼𝑥
2⊛𝑤)(𝑟, 𝑐) 𝐼𝑥 𝐼𝑦 ⊛𝑤 𝑟, 𝑐

(𝐼𝑥 𝐼𝑦 ⊛𝑤)(𝑟, 𝑐) 𝐼𝑦
2 ⊛𝑤 𝑟, 𝑐

𝐽𝑥
2 = 𝐼𝑥

2 ⊛𝑤, 𝐽𝑦
2 = 𝐼𝑦

2 ⊛𝑤, 𝐽𝑥𝑦 = 𝐼𝑥𝐼𝑦 ⊛𝑤

𝑇𝑟 𝑀 = 𝐽𝑥
2 + 𝐽𝑦

2 = 𝐼𝑥
2 + 𝐼𝑦

2 ⊛𝑤

det 𝑀 = 𝐽𝑥
2 𝐽𝑦

2 − 𝐽𝑥𝑦
2



𝑇𝑟 𝑀 = 𝜆1 + 𝜆2
det 𝑀 = 𝜆1 ⋅ 𝜆2

det 𝑀 − 𝑘 𝑇𝑟(𝑀)

𝜆1 𝜆2
𝑘 = 0.04.

𝐽𝑥
2 = 𝐼𝑥

2 ⊛𝑤, 𝐽𝑦
2 = 𝐼𝑦

2 ⊛𝑤

𝐽𝑥𝑦 = 𝐼𝑥𝐼𝑦 ⊛𝑤



 

 

 

 


𝑆𝑉𝐷 𝑀 ,

𝑇𝑟 𝑀 = 𝐽𝑥
2 + 𝐽𝑦

2 = 𝐼𝑥
2 + 𝐼𝑦

2 ⊛𝑤

det 𝑀 = 𝐽𝑥
2 𝐽𝑦

2 − 𝐽𝑥𝑦
2

𝐶𝐼𝑀 = 𝐽𝑥
2𝐽𝑦

2 − 𝐽𝑥𝑦
2 − 𝑘 𝐽𝑥

2 + 𝐽𝑦
2



𝑇𝑟 𝑀 = 𝜆1 + 𝜆2
det 𝑀 = 𝜆1 ⋅ 𝜆2

det 𝑀 − 𝑘 𝑇𝑟(𝑀)

𝜆1 𝜆2
𝑘 = 0.04.

𝐽𝑥
2 = 𝐼𝑥

2 ⊛𝑤, 𝐽𝑦
2 = 𝐼𝑦

2 ⊛𝑤

𝐽𝑥𝑦 = 𝐼𝑥𝐼𝑦 ⊛𝑤

𝑆𝑉𝐷 𝑀 ,

𝑇𝑟 𝑀 = 𝐽𝑥
2 + 𝐽𝑦

2 = 𝐼𝑥
2 + 𝐼𝑦

2 ⊛𝑤

det 𝑀 = 𝐽𝑥
2 𝐽𝑦

2 − 𝐽𝑥𝑦
2

𝐶𝐼𝑀 = 𝐽𝑥
2𝐽𝑦

2 − 𝐽𝑥𝑦
2 − 𝑘 𝐽𝑥

2 + 𝐽𝑦
2



𝑘

𝐶𝑀 =
det(𝑀)

𝑇𝑟 𝑀 + 𝜖

𝐶𝑀 =
𝐽𝑥
2𝐽𝑦

2 − 𝐽𝑥𝑦
2

𝐽𝑥
2 + 𝐽𝑦

2 + 𝜖



 

 

 

 











•

•

•

•

•

•



•

•

•

•



•

•

•

•









• 𝐼

•

𝐼
𝐺𝜎 𝜎.

𝐿 𝑥, 𝑦, 𝜎 = (𝐺𝜎 ⊛ 𝐼)(𝑥, 𝑦)



𝐿 ⋅,⋅, 1



𝐿 ⋅,⋅, 2



𝐿 ⋅,⋅, 3



𝐿 ⋅,⋅, 4



𝐿 ⋅,⋅, 5



𝐿 ⋅,⋅, 6



𝐿 ⋅,⋅, 7



𝐿 ⋅,⋅, 8



𝐷 𝑥, 𝑦, 𝜎 = 𝐿 𝑥, 𝑦, 𝑘𝜎 − 𝐿 𝑥, 𝑦, 𝜎

𝐷 𝑥, 𝑦, 𝜎 = ((𝐺𝑘𝜎 −𝐺𝜎) ⊛ 𝐼)(𝑥, 𝑦)

(𝐺𝑘𝜎 −𝐺𝜎)

(𝐺𝑘𝜎 −𝐺𝜎)



K. Grauman, B. Leibe



K. Grauman, B. Leibe

s

4

1

2s

s4

s

s

s

𝐷𝐿



•

•



•

•

𝐷 𝑥, 𝑦, 𝜎1

𝐷 𝑥, 𝑦, 𝜎2

𝐷 𝑥, 𝑦, 𝜎3







•

•

•

•

•



K. Grauman, B. Leibe

𝐷 𝑥, 𝑦, 𝜎1 = 𝐷 ො𝑥, ො𝑦, ො𝜎



K. Grauman, B. Leibe

𝐷 𝑥, 𝑦, 𝜎1 = 𝐷 ො𝑥, ො𝑦, ො𝜎



K. Grauman, B. Leibe
𝐷 𝑥, 𝑦, 𝜎 𝐷 𝑥′, 𝑦′, 𝜎



• (𝑟, 𝑐) ො𝜎

•

𝐿(⋅,⋅, ො𝜎)

•



• 𝑥, 𝑦, 𝜎

(ො𝑥, ො𝑦, ො𝜎)

• 𝐷(ො𝑥, ො𝑦, ො𝜎)
|𝐷 ො𝑥, ො𝑦, ො𝜎 | < 0.3

• 𝐷

𝐻 =
𝐷𝑥𝑥 𝐷𝑥𝑦
𝐷𝑥𝑦 𝐷𝑦𝑦











•

𝑟, 𝑐 𝐿(⋅,⋅, ො𝜎)

• 𝑥, 𝑦 𝑟, 𝑐

• 𝜃(𝑥, 𝑦)

• 𝑚(𝑥, 𝑦)

•

•

•

• (𝑟, 𝑐)

•



(𝑟, 𝑐)



•

•

ො𝜎
ො𝜎







መ𝜃1መ𝜃2











(𝑟, 𝑐)

• ො𝜎

• 𝜃

(𝑟, 𝑐)
𝐿(⋅,⋅, ො𝜎)



•

Ƹ𝑟, Ƹ𝑐 ො𝜎

• Ƹ𝑟, Ƹ𝑐)
𝜃



•



•





𝑣 4 × 4 × 8



𝑣 4 × 4 × 8

http://citeseer.ist.psu.edu/lowe04distinctive.html


•

•

𝑣 →
𝑣

𝑣 2

𝑣 𝑣













•

•

•

•

•





𝑆 𝐼

𝑆 𝑥, 𝑦 = 

𝑟≤𝑦,𝑐≤𝑥

𝐼(𝑟, 𝑐)

𝑦

𝑥

𝑆 𝑥, 𝑦

𝐼 𝑟, 𝑐 ,
𝑟 ≤ 𝑦, 𝑐 ≤ 𝑥

𝑦

𝑥




𝑦1≤𝑟≤𝑦2,
𝑥1≤𝑐≤𝑥2

𝐼(𝑟, 𝑐)

= 𝑆 𝑥2, 𝑦2 − 𝑆 𝑥2, 𝑦1 − 𝑆 𝑥1, 𝑦2 + 𝑆(𝑥1, 𝑦1)

𝑦2

𝑥2


𝑦1≤𝑟≤𝑦2,
𝑥1≤𝑐≤𝑥2

𝐼(𝑟, 𝑐)

𝑥1

𝑦1

𝑦2

𝑥2𝑥1

𝑦1

𝑆 𝑥2, 𝑦2

𝑆 𝑥2, 𝑦1

𝑆 𝑥1, 𝑦2

𝑆(𝑥1, 𝑦1)



https://www.youtube.com/watch?v=iU1V9P5P93g
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Template

Input image

Fe
at

u
re

 E
xt

ra
ct

io
n

𝑇 ∈ ℝ𝑟1×𝑐1

𝐼1 ∈ ℝ𝑟2×𝑐2

𝑿𝟏 ∈ ℝ𝑑×𝑁1

𝑿𝟐 ∈ ℝ𝑑×𝑁2

M
at

ch
er

(𝑑 ≪ 𝑟 × 𝑐)



𝐼1 𝐼2
•

• 𝐼1
𝐼2

•

•



𝑋1 𝑋2 𝑇 𝐼

𝑋1 ∈ ℝ𝑑×𝑁1 𝑋2 ∈ ℝ𝑑×𝑁2



𝑋1 𝑋2 𝑇 𝐼

𝒙𝒊 ∈ 𝑋2
𝒙𝒋
𝒊 ∈ 𝑋1

𝒙𝒋
𝒊 = argmin

𝑥𝑗∈𝑋1

𝒙𝒊 − 𝒙𝒋
2

𝑋1 ∈ ℝ𝑑×𝑁1 𝑋2 ∈ ℝ𝑑×𝑁2



𝑋1 𝑋2 𝑇 𝐼

𝒙𝒊 ∈ 𝑋2
𝒙𝒋
𝒊 ∈ 𝑋1

𝒙𝒋
𝒊 = argmin

𝑥𝑗∈𝑋1

𝒙𝒊 − 𝒙𝒋
2

𝑋1 ∈ ℝ𝑑×𝑁1 𝑋2 ∈ ℝ𝑑×𝑁2



𝑂 𝑛









𝒙 𝑖
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𝑂 log 𝑛
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•



•

• 1/𝛼
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𝒙𝒊 ∈ 𝑋2
𝒙𝒋
𝒊 ∈ 𝑋1

(𝒙𝒊, 𝒙𝒋
𝒊)

• 𝒙𝒊
𝒙𝒊, 𝒙𝒋

𝒊 and (𝒙𝒊, 𝒙𝒌
𝒊 )

•

𝒙𝒊 − 𝒙𝒌
𝒊

2

𝒙𝒊 − 𝒙𝒋
𝒊

2

> 0.8

•

•

•







•

•

•

•

•

•

•

•



•

𝐻 ∈ ℝ3×3

𝐻: ℝ2 → ℝ2



𝑛

• 𝑠

• 𝑠

•

Least squares



𝑀
𝑇𝑅

• 𝑠 𝑇𝑅 𝑀

• 𝑀

• 𝑀 𝑇𝑅
𝑑𝑖 = | 𝑀 𝐱𝐢 − 𝐲𝐢| 2 ∀ 𝐱𝐢, 𝒚𝐢 ∈ 𝑇𝑅

• 𝑑𝑖
• 𝑛 𝑀

• 𝑀

http://www.ai.sri.com/pubs/files/836.pdf


𝑠

•



𝑛 𝑛
𝑝

𝑝 = 0.99

• 𝑤 1 – 𝑤

• 𝑠 𝑤𝑠

• 𝒔
1 – 𝑤𝑠

• 𝑛
1 – 𝑤𝑠 𝑛

• 𝑛
1 − 1 – 𝑤𝑠 𝑛

𝑝
𝑝 = 1 − 1 − 𝑤𝑠 𝑛 → 𝑛 = log 1 − 𝑝 /log(1 − 𝑤𝑠)
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•

    s
epn  11log/1log

   pe
ns

 111

proportion of outliers e

s 5% 10% 20% 25% 30% 40% 50%

2 2 3 5 6 7 11 17

3 3 4 7 9 11 19 35

4 3 5 9 13 17 34 72

5 4 6 12 17 26 57 146

6 4 7 16 24 37 97 293

7 4 8 20 33 54 163 588

8 5 9 26 44 78 272 1177



𝑛

• 𝑠

• 𝑠

•

𝑡

• 𝑛
• 𝑒 = 1 – (number of inliers)/(number of points)

• 𝑛 = log 1 − 𝑝 /log(1 − (1 − 𝑒)𝑠)
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