
























  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  



 









 

𝑑

𝑘 𝑘

𝑘 ∗ 𝑑



 

 

 

 

 

 

 

𝐸 (𝑢, 𝑣)

𝐸(𝑢, 𝑣) = ∑𝑤(𝑥, 𝑦)[𝐼(𝑥 + 𝑢, 𝑦 + 𝑣) − 𝐼(𝑥, 𝑦)]2

𝑥,𝑦

,



𝑤(𝑥, 𝑦) 𝐼(𝑥, 𝑦) 𝑦

𝑥 𝐼

𝐸

𝐸(𝑢, 𝑣) = [𝑢, 𝑣]𝑀 [
𝑢
𝑣
]

𝑀

𝑀 = ∑𝑤(𝑥, 𝑦) [
𝐼𝑥
2 𝐼𝑥𝐼𝑦

𝐼𝑥𝐼𝑦 𝐼𝑦
2 ]

𝑥,𝑦

𝐼𝑥 𝑥

𝜆1, 𝜆2 𝑀

𝐸

𝐸



det(𝑀) = 𝜆1𝜆2

𝑡𝑟𝑎𝑐𝑒(𝑀) =  𝜆1 + 𝜆2

𝑅 = det(𝑀) − 𝜅(𝑡𝑟𝑎𝑐𝑒(𝑀))2

𝜅 𝑅

𝑀



 

 

 

𝑛

𝑡

𝑉

𝑉 = max ( ∑ |𝐼(𝑝 → 𝑥) − 𝐼(𝑝)| − 𝑡

𝑥∈𝑆𝑏𝑟𝑖𝑔ℎ𝑡

, ∑ |𝐼(𝑝 → 𝑥) − 𝐼(𝑝)| − 𝑡

𝑥∈𝑆𝑑𝑎𝑟𝑘

)



𝑆𝑏𝑟𝑖𝑔ℎ𝑡 = {𝑥|𝐼(𝑝 → 𝑥) ≥ 𝐼(𝑝) + 𝑡}

𝑆𝑑𝑎𝑟𝑘 = {𝑥|𝐼(𝑝 → 𝑥) ≤ 𝐼(𝑝) − 𝑡}

𝑥 ∈ {1. .16} 𝑝

𝑝 → 𝑥 𝑝 𝐼(𝑝 → 𝑥)

 



𝑚𝑝𝑞 = ∑𝑥𝑝𝑦𝑞𝐼(𝑥, 𝑦)

𝑥,𝑦

𝐶 = (
𝑚10

𝑚00
,
𝑚01

𝑚00
).

𝑃𝐶⃗⃗⃗⃗  ⃗

𝑃 𝐶

𝜃 = atan2(𝑚01,𝑚10)

|𝑃𝐶⃗⃗⃗⃗  ⃗|

 

 



 



𝑁 = 60

𝑁(𝑁 − 1)/2 = 1770

𝒮

ℒ

ℒ

𝒮 𝒮



 

𝒪 𝜃

𝜃 =
1

𝑀
∑ (𝐼(𝑝𝑖) − 𝐼(𝑝𝑗))

𝑝𝑖 − 𝑝𝑗

‖𝑝𝑖 − 𝑝𝑗‖(𝑝𝑖,𝑝𝑗)𝜖𝒪

𝑝

𝐷

𝒫 𝑁



𝐷 = ∑ 2𝑎𝑇(𝑝𝑖
𝑎, 𝑝𝑗

𝑎)

0≤𝑎≤𝑁

𝑇(𝑝𝑖
𝑎, 𝑝𝑗

𝑎) = {
1 if 𝐼(𝑝𝑖

𝑎) > 𝐼(𝑝𝑗
𝑎)

0 otherwise            

(𝑝𝑖
𝑎,𝑝𝑗

𝑎) 𝑎 𝒫

𝑇(𝑝𝑖, 𝑝𝑗)



 

𝑛 𝑑 𝑚

𝒪(𝑛𝑚𝑑)

 



𝑘

score(𝑣𝑞 , 𝑣𝑑) =
𝑣𝑞

⊺𝑣𝑑

√𝑣𝑞
⊺𝑣𝑞√𝑣𝑑

⊺ 𝑣𝑑

 .

tf𝑖,𝑗 =
𝑛𝑖,𝑗

∑ 𝑛𝑘,𝑗𝑘

𝑛𝑖,𝑗 𝑡𝑖 𝑑𝑗

idf𝑖 = log
|𝐷|

|{𝑗 ∶ 𝑡𝑖𝜖𝑑𝑗}|

|𝐷|



 

𝒮 𝐷

ℋ = {ℎ ∶ 𝑆 → 𝑈} (𝑑1, 𝑑2, 𝑝1, 𝑝2) 𝐷 𝑝, 𝑞 ∈ 𝒮

if 𝐷(𝑝, 𝑞) < 𝑑1, then 𝑃[ℎ(𝑝) = ℎ(𝑞)] ≥ 𝑝1

if 𝐷(𝑝, 𝑞) > 𝑑2, then 𝑃[ℎ(𝑝) = ℎ(𝑞)] ≤ 𝑝2

𝑑1 < 𝑑2 𝑝1 > 𝑝2

𝑙1
𝑙2

ℎ𝑎,𝑏(𝑞) = ⌊
𝑎 ∙ 𝑞 + 𝑏

𝑊
⌋

𝑎 𝑏

[0,𝑊]

𝑚 𝒢 = {ℎ ∶ 𝑆 → 𝑈𝑚} 𝑔(𝑝) =

[ℎ1(𝑝), ℎ2(𝑝),… , ℎ𝑚(𝑝)] ℎ𝑖 ℋ

𝑃[𝑔(𝑝) = 𝑔(𝑞)] 𝑝2
𝑚

𝑝1
𝑚 𝑙 𝑔1, … , 𝑔𝑙  𝜖 𝒢

𝑔𝑖

𝑞

𝑔1(𝑞), 𝑔2(𝑞),… , 𝑔𝑙(𝑞)

𝑘



𝑞 𝑝 𝑅𝑝

𝑝

𝑞1
′ , … , 𝑞𝑖′ 𝑅𝑝

𝑞1
′ , … , 𝑞𝑖′ 𝑅𝑝

𝑝 𝑞

𝐷𝐻[(𝑔(𝑝), 𝑔(𝑞))]

∆= (𝛿1, … 𝛿𝑚)

𝑔(𝑞) = [ℎ1(𝑞), ℎ2(𝑞),… , ℎ𝑚(𝑞)] 𝑔(𝑞) + ∆



∆ 𝛿𝑖 ∈ {−1,0,1}

𝑛 ∆ 𝑛

𝑛 𝑙 × (
𝑚
𝑛
) × 2𝑛

ℎ𝑖(𝑞) 𝑊

𝑥𝑖(𝛿𝑖)

𝑓𝑖(𝑞) = 𝑎𝑖 ∙ 𝑞 + 𝑏𝑖 ℎ𝑖(𝑞) 𝛿𝑖

score(∆) = ∑ 𝑥𝑖(𝛿𝑖)
2

𝑚

𝑖=1

.

 

𝑞



𝑏

𝐼1 𝐼2

𝐽(𝐼1, 𝐼2) =
|𝐼1 ∩ 𝐼2|

|𝐼1 ∪ 𝐼2|
.

𝑛 𝐼 = {𝑣1, … , 𝑣𝑛} ℎ

𝑚ℎ

𝑚ℎ(𝐼) = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑣𝑖∈𝐼

ℎ(𝑣𝑖).

𝑃(𝑚ℎ(𝐼1) = 𝑚ℎ(𝐼2)) = 𝐽(𝐼1, 𝐼2) =
|𝐼1 ∩ 𝐼2|

|𝐼1 ∪ 𝐼2|
.

𝑘 𝑠

𝑃{𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙} = 1 − (1 − 𝐽(𝐼1, 𝐼2)
𝑠)𝑘.

𝑏(𝑥𝑖)

𝑥𝑖



𝑏(𝑥𝑖) = {𝑥𝑗|𝑥𝑗 ∈ 𝑁(𝑥𝑖)}

𝑁(𝑥𝑖)

(𝑣𝑖 , 𝑚ℎ (𝑊(𝑏(𝑥𝑖))))

𝑣𝑖 𝑥𝑖 𝑊

𝑏(𝑥𝑖)



 

 

𝑛 𝑘

𝑘

𝑛 𝑘

 



 

𝑠

𝒮

𝒮

P𝑔𝑜𝑜𝑑 =
(
𝐼
𝑚

)

(
𝑁
𝑚

)
= ∏

𝐼 − 𝑗

𝑁 − 𝑗

𝑚−1

𝑗=0

𝑁 𝒮 𝐼 𝑚

𝑐

(1 − P𝑔𝑜𝑜𝑑)
𝑘

≤ 1 − 𝑐

𝑘

𝑘 ≥
log (1 − 𝑐)

log (1 − 𝑃𝑔𝑜𝑜𝑑)

𝑐

𝑚







 

 



 

 

𝑁𝑡

𝐿 𝑠𝑓

𝑙

𝑛𝑙 = 𝑁𝑡

1 −
1
𝑠𝑓

1 − (
1
𝑠𝑓

)
𝐿 (

1

𝑠𝑓

)

𝑙

.

 



𝑘𝑐

𝑁𝑡

𝑁𝑡 = 𝑁𝑀𝑝𝑥 ∙ 𝑛𝑟 ∙ 𝑛𝑐 ∙ 10−6

𝑁𝑀𝑝𝑥 𝑛𝑟

𝑛𝑐

𝑐𝑟 × 𝑐𝑐

𝑐𝑟 =
𝑛𝑟

⌈√
𝑁𝑀𝑝𝑥

𝑘𝑐
∙
𝑛𝑟

𝑛𝑐
 ⌉

𝑐𝑐 =
𝑛𝑐

⌈√
𝑁𝑀𝑝𝑥

𝑘𝑐
∙
𝑛𝑐

𝑛𝑟
 ⌉

.



 

 

ℎ𝑐 𝑁

𝐹𝑐

𝐹𝑐 = ∑ 2𝑎𝑇[ℎ𝑐(𝑎)]

0≤𝑎<𝑁

𝑇[ℎ𝑐(𝑎)] = {
1 if ℎ𝑐(𝑎)  ≥  𝑡ℎ𝑐   
0 otherwise            

𝑡ℎ𝑐 𝐹𝑐



𝑡ℎ𝑐

𝐹𝑐

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1



 

 P

 

 

 P

 

 

 

 ∅

 

 

 

 

 ∅

 

 ∅

 

 

 

 

 ∖

 

 

 

 𝑡ℎ𝑓

 

 

 

 

 ≥ 𝑘𝑓

 

 

 

 

 

 



𝛼 𝑆𝑥(𝛼) 𝑆𝑦(𝛼) 𝐾𝑥(𝛼)

𝐾𝑦(𝛼) 𝑆𝑥(𝛼) 𝑥 𝛼 𝐾𝑥(𝛼)

𝑥

𝑆𝑥(𝛼) = [
1 0 0
0 𝛼 0
0 0 √𝛼

] 𝐾𝑥(𝛼) = [
(𝛼 + 1)2 𝛼2 − 1 0

𝛼2 − 1 (𝛼 + 1)2 0
0 0 4𝛼

]

𝑆𝑦(𝛼) = [
𝛼 0 0
0 1 0
0 0 √𝛼

] 𝐾𝑦(𝛼) = [
(𝛼 + 1)2 1 − 𝛼2 0

1 − 𝛼2 (𝛼 + 1)2 0
0 0 4𝛼

]

𝑘𝑓

𝑡ℎ𝑓



𝑡ℎ𝑓

𝑘𝑓 𝑘𝑓 = 1

 𝒦

 𝒦𝑓 .

 ∅

 𝒦

 

 

 𝒦

  𝒦

 𝒦 𝒊 𝒦 𝒋

 

 

 

 

 

 

 

 

 𝒦𝑓 ∅

 |𝒦|

 ∅

 

  𝒦(𝑖  )

 

 ≥ 𝑡ℎ𝑖𝑛

 

 

 

 𝒦𝑓

 

 𝒦𝑓



𝑡ℎ𝑖𝑛

𝑡ℎ𝑅𝐴𝑁𝑆𝐴𝐶

𝑡ℎ𝑖𝑛 = 2



 

𝒬 ℬ ℛ

ℛ = {𝑟𝑗
𝑏 | 𝑏 ∈ ℬ, 1 ≤ 𝑗 ≤ 𝑛𝑏}

𝑟𝑗
𝑏 𝑗 𝑛𝑏 𝑏 𝑟𝑗

𝑏

𝑘𝑗
𝑏 𝑞 ∈ 𝒬 𝑘𝑞

𝑘𝑞 𝑞

𝑛𝑘𝑁𝑁

𝑡ℎ𝐻𝑎𝑚𝑚



𝑘𝑏𝑒𝑠𝑡

 ℛ

 

 

 ℛ

 

 𝑛𝑘𝑁𝑁

 𝑚1
𝑏1 , … ,𝑚𝑛𝑏1

𝑏1 , 𝑚1
𝑏2 , … ,𝑚𝑛𝑏𝑚

𝑏𝑚

 ∅

 𝑚𝑗
𝑏𝑖 𝑚1

𝑏1 , … ,𝑚𝑛𝑏1

𝑏1 , 𝑚1
𝑏2 , … ,𝑚𝑛𝑏𝑚

𝑏𝑚

 𝑚𝑗
𝑏𝑖 𝑚𝑗

𝑏𝑖 𝑡ℎ𝐻𝑎𝑚𝑚

 𝑚𝑗
𝑏𝑖 𝑚𝑗

𝑏𝑖

 𝑠𝑗
𝑏𝑖 |𝑚𝑗

𝑏𝑖| √|𝑟𝑗
𝑏𝑖|⁄

 𝑠𝑗
𝑏𝑖

 

 ∅

 𝑠𝑗
𝑏𝑖 𝑘𝑏𝑒𝑠𝑡

 𝑚𝑗
𝑏𝑖

 𝑚𝑗
𝑏𝑖

 𝑡ℎ𝑠𝑢𝑐𝑐

 𝑏𝑖

 

 𝑏 𝑏𝑖

 

 

 

 𝑡ℎ𝑚𝑖𝑛

 𝑏

 

 

 



𝑘𝑏𝑒𝑠𝑡

𝑡ℎ𝑠𝑢𝑐𝑐

𝑡ℎ𝑠𝑢𝑐𝑐

𝑡ℎ𝑚𝑖𝑛 𝑡ℎ𝑚𝑖𝑛

 

[𝑥𝑖 , 𝑦𝑖]

𝜆𝑖 [
𝑥𝑖

′

𝑦𝑖
′

1

] = 𝐻 [
𝑥𝑖

𝑦𝑖

1
]

[𝑥𝑖
′, 𝑦𝑖

′] 𝐻 3 × 3

𝜆𝑖



𝐻

𝐴  𝐵  𝐶

 𝐷 𝐴′  𝐵′  𝐶′ 𝐷′

𝐻 𝐻

1

𝑡ℎ𝑑𝑖𝑎𝑔
≤

‖𝐴′𝐶′‖

‖𝐵′𝐷′‖
≤ 𝑡ℎ𝑑𝑖𝑎𝑔 .

𝑡ℎ𝑑𝑖𝑎𝑔

𝜆𝐴  𝜆𝐵  𝜆𝐶  𝜆𝐷



𝑚𝑖

𝑝𝑖
𝑡 𝑝𝑖

𝑞

‖𝑝𝑖
𝑞 ,

𝐻(𝑝𝑖
𝑡)

𝜆𝑖
‖ < 𝑡ℎ𝑖𝑛

𝑡ℎ𝑖𝑛 𝑡ℎ𝑖𝑛

𝑡ℎ𝑖𝑛

 

𝒕𝒉𝒊𝒏 𝑡ℎ𝑖𝑛

𝑡ℎ𝐻𝑎𝑚𝑚

0 20 40 60 80 100 120
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Hamming distance
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Hamming distance

inliers

outliers



 

 

ℛ𝐹

ℛ𝐹

𝒬𝐹 ℛ𝐹 𝒬𝐹

𝑞 ∈  𝒬𝐹 ℛ𝐹

𝑟 ∈ ℛ𝐹



 



 



 



𝑘𝑓

𝑘𝑓 = 1

𝑘𝑓 = 1
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strong Harris reponses

Harris local maxima
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strong Harris reponses

Harris local maxima



𝑘𝑓

𝑘𝑓
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M = 24k
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M = 762k
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Speedup
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5-NN
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50-NN

100-NN



𝑡ℎ𝑚𝑖𝑛

𝒬

𝒬
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Configuration 1

Configuration 2

Configuration 3

Configuration 4

Configuration 5
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