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•
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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



(𝑟, 𝑐)

(𝑟 + 𝑥, 𝑐 + 𝑦)



ℓ2

−

2

𝐸𝑥,𝑦 𝑟, 𝑐 =



ℓ2

−

2

𝐸𝑥,𝑦 𝑟, 𝑐 =



𝑥, 𝑦
(𝑟 + 𝑥, 𝑐 + 𝑦) (𝑟, 𝑐)

(𝑟, 𝑐)

𝑟 + 𝑥, 𝑐 + 𝑦 , (𝑥, 𝑦)



ℓ2

−

2

𝐸𝑥,𝑦 𝑟, 𝑐 =

𝒓 + 𝒙, 𝒄 + 𝒚

𝒓, 𝒄



𝑟, 𝑐

(𝑟, 𝑐)



𝑟, 𝑐

(𝑟, 𝑐)

𝑟 + 𝑥, 𝑐 + 𝑦 , (𝑥, 𝑦)



ℓ2

−

2

𝐸𝑥,𝑦 𝑟, 𝑐 =

𝑟, 𝑐
𝑟 + 𝑥, 𝑐 + 𝑦

𝑟, 𝑐







• (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
𝑥, 𝑦

𝐻𝑀 𝑟, 𝑐 = 𝑇𝛾 min
𝑥,𝑦

𝐸𝑥,𝑦 𝑟, 𝑐

𝑇𝛾 𝛾

𝐻𝑀(𝑟, 𝑐)



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

𝐸𝑥,𝑦 𝑟, 𝑐 = 

𝑢,𝑣 ∈𝑈𝑟,𝑐

𝑤𝑟,𝑐(𝑢, 𝑣) 𝐼 𝑢, 𝑣 − 𝐼(𝑢 − 𝑥, 𝑣 − 𝑦) 2

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) 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

𝑥, 𝑦



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

𝑬𝒙,𝒚 𝒓, 𝒄 (𝑥, 𝑦)
𝑀𝑟,𝑐

(𝑟, 𝑐)

𝑴𝒓,𝒄



𝑀𝑟,𝑐 𝑟, 𝑐

homogeneous

edge

corner



𝑬

(𝑥, 𝑦)

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 )

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 𝑀𝑟,𝑐 = 𝐽𝑥
2 𝑟, 𝑐 + 𝐽𝑦

2 𝑟, 𝑐 = 𝐼𝑥
2 + 𝐼𝑦

2 ⊛𝑤 (𝑟, 𝑐)

det 𝑀𝑟,𝑐 = 𝐽𝑥
2 𝐽𝑦

2 𝑟, 𝑐 − 𝐽𝑥𝑦
2 (𝑟, 𝑐)



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

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

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
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•



•

•

•

•



•

•

•

•









• 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)













𝐿 𝑥, 𝑦, 𝑘𝜎𝐿 𝑥, 𝑦, 𝜎 𝐷 𝑥, 𝑦, 𝜎



s

4

1

2s

s4

s

s

s

𝐷𝐿



•

•



•

•

𝐷 𝑥, 𝑦, 𝜎1

𝐷 𝑥, 𝑦, 𝜎2

𝐷 𝑥, 𝑦, 𝜎3



)()( ss yyxx LL 

s

s2

s3

s4

s5









•

•

•

•

•



𝐷 𝑥, 𝑦, 𝜎1 = 𝐷 ො𝑥, ො𝑦, ො𝜎



𝐷 𝑥, 𝑦, 𝜎1 = 𝐷 ො𝑥, ො𝑦, ො𝜎



𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



K. Grauman, B. Leibe

𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



𝐷
𝑥
,𝑦
,𝜎

𝐷
𝑥
′ ,
𝑦
′ ,
𝜎

𝜎𝜎



• (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) 𝑟, 𝑐









𝑟, 𝑐 𝐿(⋅
,⋅, ො𝜎)

𝑥, 𝑦 𝑟, 𝑐

• 𝜃(𝑥, 𝑦)

• 𝑚(𝑥, 𝑦)

•

• (𝑟, 𝑐)



(𝑟, 𝑐)



•

•

ො𝜎
ො𝜎







መ𝜃1መ𝜃2











• ො𝑥, ො𝑦

• ො𝜎

• 𝜃



• ො𝑥, ො𝑦
ෝ𝝈

• 𝜽







𝑣 4 × 4 × 8



𝑣 4 × 4 × 8



[Lowe 2004] Lowe "Distinctive Image Features from Scale-Invariant Keypoints" IJCV 2004

Input region

𝐱 ∈ ℝ128

The descriptor encodes the height of the 
orientation histogram

SIFT descry.









•

•

𝑣 →
𝑣

𝑣 2

𝑣 𝑣





•

•

•

•

•





BRISK sampling pattern



[FREAK] A. Alahi, R. Ortiz, and P. Vandergheynst, "Freak: Fast retina keypoint," in CVPR 2012

FREAK sampling pattern



[FREAK] A. Alahi, R. Ortiz, and P. Vandergheynst, "Freak: Fast retina keypoint," in CVPR 2012

FREAK pairs



Input region

𝐱 ∈ {0,1}512

The descriptor encodes the sign of 
the difference over pairs of 

receptive fieldFREAK descriptor

1

34

sign 𝑟1 − 𝑟34

sign 𝑟45 − 𝑟22

22

45


