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1  

ѿ ≠ ᾣ Ἕ ᵣ ȁᵝ ȁ ȁ ԑᵝ ῏

[1,2]Ȃ Ἕȁᴰ ȁ ȁ Ἕ ȁ Ȃ ׃

῏₃ᵥ Ἕȁᴰ ȁ ץ̆ ῏ԍ Ἕ ȁ ᴨ

Ȃ ԅ ף ҍ ̆ ҹ ӥ

ῒᵩ Ҋ Ȃ 

1.1 ῏ 

1.1.1 ᾩғ  

ַ ╠̆ѿ ̆ ԅ ̆ ᾣ

ⱴ ̕ ׂ̆ ҹ ֲף Ȃ ΐ ̆ ֽ ₃ҩ

ᾣ ᾣȂ Ҭ ӊҹľ ᾣᵣĿ ң ̔ ̆

№≢ ȁ ȁ ҈ ᾣ ̆ ױ ῒ ӈҹ҈ ĺĺԊ ҉ֲ ⌠

҈ ̆ ̆ ľױ Ŀ⌠ ̕ ̆ ᾣ

̆ ױ ̆ᵖҌ № Ȃ Ҭң ̆῍ 1.25

ַ 600̓ ðð ԍ 130ᾠἝ ̆ ╠ №

10ṐȂҌ ̆ ֲ̆ № Ȃֲ Ҭ ᵣ̆

ԍ ̆ ᾣ̆ Ἕԍ ҉Ȃp ∆̆ Ҭ ᵣ ҕ̆ Ҍ ̕

ᵣ ₮ Ҍ ̆ ̆ҕ ⱴ Ȃ ̆

̆ Ҭ ̆5ַ ╠ ̆ᶭ ᵣȂ 

ᾣ ѿ ̆ΐ ԋ Ȃ ԍ ׃ Ҭľᾣ Ŀ ̆ ױ ץ ѿ

̆ ̆ ѿ ᾣ ľ ĿȂ ԍľᾣ Ŀ̆ ױ

⌠ Ȃ Ҭ ױ ᾣ ꜚֽ̆ ҈ Ἕ̂ ᵖ

№ ľ Ŀ Ȃ̃ 

Ҍ ׃ Ҭ̆ ̆ ׆ ῀ Ҭ̆ᾣ ҌῬ ȂҤ ̆

ᾣ ׃ Ҭ ᴰ ᾣ ‗ ľ̔ᾣ ┴ ĿȂ ₃ᵥᾣ ľ

Ŀ̆ ᾣ ᴰ ׃ Ҭ ᶛȂ ҹ ױ ᾣ ᶫԅ

‰ ᶭ ̆ ₱№ Ҭ № ᶫ Ȃ ̆ꜚ №

̆ ғ Ẋ̆ ҹ ѿ ᾣ Ἕ Ȃ ױ

ҹ̂ ̃ᾣׅ ᴰ Ȃ 

1.1.2 ᴶ ғ ἥ 

2009̆ ԇľᾣ Ḥ ᴆ̂charge coupled devicĕ 

CCD̃ Ŀ[3]ȂCCD≠ ᾣ ̂ ᾣ ̆ ῗ1887 ₮

1905 ̃̆ ץ ץף Ἕ̆ Ȃ

ꜚԅ ȁ ̆ Ҍᶛ Ȃ҉ҕ ף90 ׅ ῏ԍ



 
 

ľCCD ף Ŀ Ԉ Ȃ ׂ̆ Ԑ ץ̆ ҹ ҙ

Ӟ Ȃ ҹỸץ ľ № ̂ ‗ Ŀ̃̆ Ӟ ⱬ

ᾣ ̔CCD № ץ ⌠1ҩᾣ Ȃ 

Ҭ ᶏ Ғҙᾣ ̆ № Һ̆ Ἕ ᴆ CCD̕

Ҍ ̆ № ̆ ̆ Ἕ ᴆ ԑ ᵣ

̂Complementary Metal-Oxide-Semiconductor, CMOS̃Ȃ ᵬҹ ᴆ҉ Ữ

ҹ ̆ ̆CMOSӞ ᵬ ᾣᾝᴆᶏ ȂCMOSᾣ ᴆ ᴇᵞ ̆ CCD

ᵞȁ ᴰ ̆ Ҭᵞ Ȃ 

ҊῈץ ᾣ [4]̔  

 
0

( ) ( )N A t b q dd d l l l
¤

= ñ                           1.1 

ῒҬ ɚף ̆ ҉ ԍ ̆ᵖѿ ̆ Ἕ ֽ ῃ ̕

b(ɚ)ף Ἕ҉ ̆ ᵝ ҉ ᾣ q̕(ɚ)ҹ ̆ ҍ῀

ᾣ ӊ ̆ ᾣ ῏Ȃ ҩῈ ̆ ᾣ ŭA ҉̆ŭt ῤ̆

ҹNȂ ⌠῀ ᾣҍ ӊ ῏ ̂ № ѿ ̃̆

҉ ץ Ἕ Ḥ Ȃ 

ṢꜛCCD CMOS ᾣ ᴆ̆ ױ ԅᾣ Ȃ Ữ ⌠ ѿ

̔ ̂A/D̃Ȃ ̂ ̃ ̂

̆ Ḥ Ȃ̃ ⌠ ᾣ ̆ ӊҹἝ

Ȃ ‗ ԅ ᴨ Ȃ 

ѿ Ữ Ḥ Ȃ ױ ᾢץ Ḥ ῀ῤ ̂ ᵣ Ữ ᾝ̃̆

⌠ Ҭ̂ ȁ ȁᾣ Ȃ̃ ԍᾣ ᴰ Ḥ ̆ ԇѿ ᴆ

̆ ӊҹ Ἕ̂ ἝȁἝ Ȃ̃ ᴆ ӈԅ Ἕ Ώ ̆ jpgȁ

bmpȁtiffȂ 

ҩ ̔ ȁ ȁ ̆ᾣ ׆ ᵣ₮ ̆ ᾣ ̆

CCD҉̆ ԅ ̆ ֓ ̆ ҹѿ ף01↓ ̆

⌠ ҬȂ ̆ ҩ Ἕ ᴆ ⌠ ҉ C̆PU⌠ ̆פ ̆

Ḥ ҹ ̂ ̃̆ ₮ Ḥ ̆Ῥ ᾣ ̆ ₮ᾣ ̆

̆ Ῥ Ȃ 

̆Ῥ ԋ Ȃ CCDἝ̆҈ ҕ ԋ ̆

Ḥ ̂Һ Ḥ Ȃ̃׆ ԋ Ἕ ҈ ҕ ̆ ҹ

̂ill-posed problemȂ̃ Ἕ ̆ ԋ׆ Ἕ ҈ ҕ ̙

ᾣ ῃ Ἕ ѿ Ȃ ᾢ ⱬ Ҭ ľῃ Ŀ ѿ̔ҩ ץ

Ḥ ̂ ̃ ῃ ȂῬ №Ҭ ̔ ҉ ľ Ŀ №

ῒ ľ Ŀ № ̂ ₱ № Ӟᴪ ⌠ №Ὲ ̔ᴋᵥ

ѿҩ ҉ ῃ ₱ ῤ ṿ ῃ ‗ԍ ҉ ṿ Ȃ̃

̔ ѿ Ԋ ̆ ᵞѿ Ԋ ῃ Ȃῃ Ҍֽ ԍᾣ ̆



 
 

ԍXᾣȁ ȁ ̆ ⱬȂ ≢ ⱬῃ Ἕ ̆

̆ ῤ ĺĺ Ȃ 

ΐᵣ ̆ ȁ ȁץ Ҭ ῃ̆ ᾣ Ȃ CCD

Ҍ ̆ Ἕ ѿ Һꜚ Ἕ ̆ ң ᾣ ᾣ̂ ҹ ᾣ

̃̆ ѿ ῃ Ἕ ̆ ѿ ᵣ Ἕ ̆ Ȃ

ᵝḤ ̆ ᵣ ̕ ᵣ ᾣ̆ ԅ 3D Ȃ

Ἕת ӎ ҈ ᵣ ̆ Ἕ ̂

5 ̃ Ȃ 

ѿ ׆ Ἕ ҈ ̆ ҹľ׆ Ŀ̂ Shape from 

shading̃̆ ѿ ԍ ἝȂ ̆ ױ ң ҉ץ Ἕ̆

ᵣ ҈ ҕ ̕ ῏ῤ 2.5ȁ4.35.3 ׃ Ȃ 

ԅᾣ ᴰ ̆ Ҭ ѿ ᴰ ̔ ᾣ ̂laser̃ ᾣ

̂Light Detection And Ranging, LiDARȂ̃ ҉Ӟ ᾣ ᴰ ̆ᵖ ױ ῏ LiDAR

ṿ̆ Ḥ Ȃ ѿ ҹ ᴰ ̆ Ἕ ̂sonar̃

̂radarȂ̃LiDAR ᵣ Ԑ̆ ֓ Ḥ ᾣ Ἕ ᾟȂ 

Ӟ ᵝ ῏ ᴰ ̆ ױ ӊҹ ꜛᴰ Ȃ

ῃ ̂global positioning system, GPSȂ̃ Ἕ ҉ ѿҩGPS ̆

ץ ᾣ ┴ ᵝ Ȃ GPS ԅ ҩ ҕ

̆ ҩ ᵬҹץ └ ᴆ̆ ꜛ Ἕ Ҭ ᵝ ȂGNSS GPS

̆ ԅ GPS̆ḇ GLONASS̆ ᵍ≠ ץ̆ Ҭ

Ȃ 

ԅᵝ Ἕ̆ Ӟ ױ ῏ Ȃ ҩṿ ץ ̂inertial 

measurement unit, IMŨ ̂Inertial Navigation System, INS̃ ̆IMU

≠ ԅ Ȃ Ṝ ̙ ᵬ Ҋ̆ ҉

̕ Ṝ ẁ ̆ ẁ Ȃ ̆ ̂

̃̆ ԅ Ȃ Ԋᾢ ᾣ ┴Ἕ ᵝ ̂ ӊҹ

GNSS/INS ᵝ ̃̆ Ӈ Ҭ҈ ̂ ̃ ҌῬ ȂԊ ҉ IMU

ᴇ ̆ ╠҈ ׅ Ȃ 

ԍ ᾣ Ἕ̆ ѿ № ԍ ף Ȃ Xᾣ ֲᵣ̆ ֲᵣῤ

Ἕ̆ᵖѿҩֲѿ Xᾣ ҉ ̆ ↕ᴪ ֲᵣ ᴴ Ȃ Xᾣ̆ ῍

Ἕ̂Magnetic Resonance Imaging, MRĨ ף ΐȂ ѿ

Ἕ ̆Ҍ ᴰ ᾣ ̆ ἝȂ ᵣ ԍ Ҭ̆ᵣῤ

ᴪ ѿ ̕ ѿ ‖Ḥ ̆ ̕ ᵬ

Ҋ ̆ ѿҩ ̕ ̆ ᵝ ̆

҈ ἝȂ҈ Ἕ Ἕ ӊҹľᵣ ̂voxelĿ̃Ȃ 

1.1.3  

ῒү ̆ ҹѿ ׆ Ȃ ѿ



 
 

ԍ ̆ ԍ ̕ ̆ ѿ ̆ ף ̕

ԅ Һ ̂ Ԋ ̆ 21ҕ Ȃ̃ ԍ

Ғҙ ᵬľ Ŀ̆ ľ Ҭ Ŀȁľ Ŀ Ȃҍ

̆ ΐ ̆ ᵊ ̆ Ȃ ╠̆

Ӟ ̆ל ԅᴰ ӊ ̆ ֲ ȁ ȁ Ȃ

ԍ ⌠ѿ ᵞ ̆ Ӟ ᵬľᵞ ĿȂ 

ѿ 70 ↓Landsatף Landsat TM Ἕ

̆ ҹ̔ľ ҍ ĿȂ ̆№ ȁ

῀ᶏ ̆ SPOT↓̂1986ׂ ̃̆ IKONOSȁQuickBirdGeo-

eyê1999̆2001̆2008№≢ ̃̆ ALOŜ2006ȁ̃ץ ↓ EROS-B̂ 2006̃̕

Cartosat↓̕Ҭ ↓̂1999ׂ̃̆ ҈ ̂2012̃̆ ̆

ᾣ № ᾣ № ׅ ԍ ҬȂ ԍ

Ӟ ҹľ ĿȂ 

ѿҩ № ľ ĿȂץ ̆ Һ ҹ Ⱶ̆

‛ ȂԊ ҉̆ ֲ ̆ ҙȂ

ҹ֜ ҙ Ὲᴧ Ⱶ̆ ᶫ ҈ Ḥ ̕ҹ└ ҙ Ⱶ̆ ᴆ

ȁ ᴆ ̕ҹ ֟ Ⱶ̆└ᵬ ӄ ᴏ ̕ ԍ ̆ ‰

Ἕȁ Ȃ Ӟ ȁ ֲ ℗ ῏

№ Ȃ ֓ Һ ≠ ̆ ᾣ Ἕ̂ Ἕ̃Ҭ

Ḥ Ȃ ̔ ȁ ȁ ֲȁ ᵝ ̂ ҙ ̃

Ȃ 

Ҋ ױ ȂҬ ↓ ̂2007 ׂ̃

ҹ ױ ԅ № Ἕ̕ ⅞ Ȃ

ԍ Һ ᵝ ̂ GPS̃ȁ ҈ Ȃ

ֲפ̆ ̆ ױ 70% ҕ ֽ̂5% ̃̆ Ҍ҉

[5]Ȃᾣ ᾣ ᾣ Ҋ Ἕ̕ Ȃ ’

⌠ Ȃ 

 

1.2 ₃ᵥ  

ѿ № ңҩῤ ₃̔ᵥ ץ̆ ӥ ₃ᵥ Ȃ ױ ׃

₃ᵥ ׆̆ ⌠ ̕ ₮Ҭ ĺ

ĺ ₃ᵥ ľ῍ ᴆ Ŀ̆ ̆ Ӟ ӥ ӊѿȂ 

1.2.1 ɻ ɻ ɻ  

₃ᵥ Ȃ ∆̆ ױ ῏ ̂ Ἕ̃ҊἝ ҍ

ӊ ₃ᵥ῏ ̕ ῀̆ ̆ ᵣ ȁ ȁ҈ Ҭ

⌠ ̕ ̆ ҬӞ ѿҩ ₃ᵥ ᵣ̆ ȁ



 
 

ᾝ № Ȃ ױ ᾢ ֓₃ᵥ ᵣ Ȃ 

x Ȃԋ R2Ҭ ҩ ᵬx = (x, y)̆ ΏᵬxÍR2Ȃ

ῒῬ ᾟѿ ̆Ώᵬ(x, y, 1)̆ң ѿҩ Ȃ ̆ Ẋױ  (2x, 2y, 2)̆ ⌠(kx, ky, 

k)̆ Ӟ ѿҩ Ȃ ӊҹ ľ ĿȂ׆

̆ ╠ң ץ ҈ Ȃ ѿҩᶛ (x, y, 0)̆ Ṝ

Ȃ ױ ̔ Ҭ ̂ ȁ̃

Ȃ ӊ ̆ ῀ ӥҬ ₃ᵥ №Ὲ ӥΏ

ḂȂ 

ҍԋ ᵌ̆҈ ҹx = (x, y, z, 1)Ȃ 

l Ȃ ax + by + c = 0 ԋ ѿ Ȃ ̔ (x, y, 1)₮

(a, b, c) ӈ ҉Ȃ(a, b, c) ῃ┴ ԅ ̆ ̆l = (a, b, c)פױ

̂ ∆ ₃ᵥ̆ ץ 2ҩ Ȃ̃ ҉ ҩ

₃ᵥ῏ ̆ ץ ҹ̔ 

xĿl = 0                                1.2 

̆ ץ Ḃ ₮ ҍ ֜ ̂1.3̃ȁң ѿ ̂1.4̔̃ 

x = l1Ĭl2                                               1.3 

l = x1Ĭx2                                               1.4 

ľĿĿ ӗ̆Ҍ ӈ ╠ Ҋ ľ̕ĬĿ Ȃ 

ᵬ ̆ ץ ⌠ԋ ѿ ̔l = (nx, ny, d) = (n, d)̆ ῒҬ̆n

ᵝ ̂ҍ ̃̆ d ҍ Ȃ ѿҩᶛ (0, 0, 1)̆ ѿ

̆ ̆ ғ ҉Ȃ Ҋ ᵈ ԋ ̆

ױ ѿҩ Ȃ ҉̆ ᴇȂ 

҈̆ ԋ Ȃ ̆ ױ ῀ѿ

ҩ Ȃ (x1, x2)ҹ ҉ ң ̆ ҉ᴋ ѿ ҹ̔ 

x = (1-ɚ)x1 +ɚx2                                          1.5 

ɚҹᴋ Ȃ 

ˊ Ȃ ԋ ̆ Ȃ҈ ̆ ץ (a, b, c, d)

̆ғ ῏ ̔ 

xĿ́= ax + by + cz + d = 0                                   1.6 

ҍԋ ᵌ̆ Ώ ̔  ́= (nx, ny, nz, d) = (n, d)Ȃ (0, 

0, 0, 1)Ȃ ѿҩ ҈ ̔ ѿҩ Ȃ ҩ

ᴇԍ ̆ ғ ῒ҉Ȃ 

῏ ₃ᵥ῏ ԅ ῤ̂ 1.6̆̃ ҈ ѿ ̔ 

 

1

2

3

0

è ø
é ù

=
é ù
é ùê ú

x

ˊx

x

                             1.7 

҈ ֜ԍѿ ̔ 



 
 

1

2

3

0

è ø
é ù

=
é ù
é ùê ú

ˊ

ˊ x

ˊ

                             1.8 

ѿ ɗ ̆ 1ҩ Ȃ ̆ Ὲ

ҹ 

2 1 1

cos sin
=

sin cos

q q

q q

-è ø
= é ù

ê ú
x Rx x                        1.9 

ῒҬR ҹ Ȃ 

҈ ↕ ѿ̆ 3 Ȃ Ȃ

ҹ ̆ᵖ Ӟ ֲȂ ᾢ ̆ Ҍꜚ ҕ ̆

ѿ ҹ ű̆ ɤ̆ əȂ Ҍ ̂ y-x-z x-z-x ̃̆ ҈ҩ

Ҍ ̆ ̂҈ҩ ӗ ̃ӞҌ Ȃ

̆ Ȃꜚ Ȃꜚ ᵣ

̆ ᵣ ꜚ ꜚ̆ ̔yaw̆ pitch̆headingȂ

Ҭ ű̆̆ ɤ̆ ə ᴰ ҕ Ҭ ̂Ӟ ױ ̃̆ yaw̆

pitch̆heading╠ ┴ᴰ ̆ Ȃꜚ

֟ ҆ ̂gimble lock̃̆ ҡ ѿҩ Ȃ ѿҩ ̆ ꜚ

̆ ҉Ҍ Ȃ ѿҩ ╠ Ҋ̆ű̆ ɤ̆ ə ֟

Ȃ 

Ḃ ̆ ᶭ Ҭ Ȃץ y-x-z ҹᶛ̆

҈ҩ ӗ ⌠̔ 

cos 0 sin 1 0 0 cos sin 0

= 0 1 0 0 cos sin sin cos 0

sin 0 cos 0 sin cos 0 0 1

j w k

j j k k

w w k k

j j w w

- -è øè øè ø
é ùé ùé ù

= -
é ùé ùé ù
é ùé ùé ùê úê úê ú

R R R R     1.20 

῏ԍ R ῒז ̆ ץ Ȃ 

ԋ Ὲ ̂Rodriguezôs formulaȂ̃ ѿҩ ̔

ᵥ ѿҩᴋ n = (nx, ny, nz)̂ Ҍ ̃̆ ҩ ɗ̙ Ҍⱴ

₮ ҩ Ὲ ̔ 

R(n, ɗ) = I + sinɗ[n]Ĭ + (1īcosɗ)[n]Ĭ2                     1.21 

[n]Ĭ ѿҩ ̔ 

 

0

[ ] 0

0

z y

z x

y x

n n

n n

n n

³

è ø-
é ù
= -é ù
é ù-ê ú

n                             1.22 

↕̆ ץ ₮ a̔Ĭb = a[b]Ĭ̆ a b Ȃ ӈԅ̔

bҍ [b]Ĭӊ ѿҩ Ȃ ѿҩ



 
 

῏ Ȃ 

ᴨᵀ ̆ѿ ̂ 1.3.3̃ ף ̕ ױ

Ҍ ΐᵣ ̆ ̆ ɤ = nɗ = (ɤx, ɤy, ɤz)Ȃ ɤ ̆ ץ

1.21Ҭ ԋ ̆ ѿ ⌠̔ 

R(ɤ) å I + sinɗ[n]Ĭ å I +ɗ[n]Ĭ = 

1

1

1

z y

z x

y x

w w

w w

w w

è ø-
é ù

-é ù
é ù-ê ú

               1.23 

ѿҩ Rҍ ӊ Ὲ Ȃ 

҈ ᾝ Ȃ ̆ ȁ ȁ ȁ

̂ѿ ̃̕ -1 ̆ ̂ԋᾝ ̃Ӟ Ȃ

̙Ҋѿҩ₮ ᾝ ̂ ῐ ץ Ҍ ҈ᾝ Ȃ̃ ᾝ Ώᵬ q 

= (qx, qy, qz, qw)̆ ᴏ ̔q = qxi + qyj + qzk + qw̆ ғij = jk = ik = -1̕ ᵝ ᾝ

ᵝԍ||q|| = 1ᵝ ҉ ᾝ Ȃ ᾝ ӗ ᾝ ӈҹ̔ 

1

2 2 2

1
( )

( )
x y z w

x y z

q i q j q k q
q q q

-= - - - +
+ +

q                      1.24 

Ῥ ⌠ ױ ̔ ᵥ ѿҩ v ҩ n ɗ ̙ ᾢ ᴏ̆

̆ ױ ҩ҈ ᾟѿ ̆ ⌠ѿҩ ᾝ ̔qv=(v, 0 )̕Ῥ ѿҩ

ľ Ŀ ᵝ ᾝ ̔Q = (nsinɗ/2, cosɗ/2) = (x, y, z, w)Ȃ ̆ ױ ľ̆ Ŀ

ᾝ qvǋ = Q qv Q-1 ҈ vǋ = Rv ̂ ᾝ Ҭ ҩ

Ȃ̃R ױ 3Ĭ3 4Ĭ4׆̂ Ҭ ѿ ѿ↓ Ȃ̃

ױ ᵝ ᾝ Q ₱ ̆ Ҋ̔ 

  

2 2 2 2

2 2 2 2

2 2 2 2

2( ) 2( )

2( ) 2( )

2( ) 2( )

w x y z xy zw xz yw

xy zw w x y z yz xw

xz yw yz xw w x y z

è ø+ - - + -
é ù
= - - + - +é ù
é ù+ - - - +ê ú

R               1.25 

׆ ᵝ ᾝ ױ Ӟ Ḃ̆ץy-x-z҈ ҹᶛ̔ 

)/arctan(

)arcsin(

)/arctan(

2221

23

3313

RR

R

RR

=

-=

-=

k

w

j

                             1.26 

ᵝ ᾝ ѿҩ ̆ ӊ ̆ ҹ ᾝ ӗ Ȃ

ңҩ ᵝ ᾝ q0 = (v0, w0) q1 = (v1, w1)̆ ӊױז ӗ ӈҹ̔ 

q = q0q1 = (v0Ĭv1 + w0v1 + w1v0, w0w1 - v0v1)                  1.27 

ᾝ ҹR(q)= R(q0) R(q1)Ȃ 

Ҍ ԍ ӗ ̆ ᾝ ӗ ҌῬ ֜ Ȃ ѿ ̆ ῒז ̙

▼ѿҩῇᾝ ȂҌᾣ֜ ̆ῇᾝ Ҍ ȂῬ ̔

ľ Ŀ ᶫ ԅȂ 

ҍ ̆ ľ Ŀ ᵝ ᾝ



 
 

̆ Ҭ ⌠ Ȃ ᾥ ̂ E = mc ľ

Ŀ̃ ᾝ Ȃᵖ ᾝ ⌠ ָӇ̙Ԋ ҉̆ ᵩ ̆ 19ҕ

̆ ῃ̕ ҍľ Ŀ Ҭ̆ ᾝ ԍҊ Ȃ

ѿ℗ ԅ̔ ױ ԋ ̆ ̆ ̕ ҈ ̆

ᾝ ̆ Ȃ ̆20ҕ ᾝ ԅѿҩ ⱴ ℗ ̔

Ȃ 

1.2.2 ₉ᵫ  

₃ᵥ ̆ ױ T ̕ ⱴ҉ R̆ ↨ᵣ ̂

ҹ ₃ ̃̕ Ῥ ɚ̆ ҹ ᵌ ̆ ̔ 

x2 = ɚ[R|T] x1                                             1.28 

[|] ̆ ңҩ ↓ Ȃ

Ώ 1.28 Ȃ ̆↕ Ώᵬx2 = ɚR x1+T̆ ӈ

҉̆ Ҍ ԍľ Ŀ˻ 1.28 ҹ̔ 

 

2 1

2 1

cos sin

sin cos

1 0 0 1 1

x

y

x t x

y t y

q q

l q q

-è ø è øè ø
é ù é ùé ù

=
é ù é ùé ù
é ù é ùé ùê ú ê úê ú

                     1.29 

1.28ԅᾢ ȁῬ Ȃ Ṝ̆Ӟ Ώ x2 = ɚR(x1 - C)̆ ᾢ Ῥ

Ȃң Ҍ ̆ ῏ ̔T = -RCȂ 

ᵌ ῍ 4ҩ Ȃ ᴆ̆ᵖᶏ ᶭ ̆ ҹᴏ Ȃ

ᴏ ᵌ ҉ⱴ῀ԅ2ҩ ̔ 

0 1 2

2 1 0 1 2 1

0 0 1

a a a

b b b

è ø
é ù

= =
é ù
é ùê ú

x Ax x                         1.30 

̆ ’ פ̆ ҹ3Ĭ3ᴋ ̆ Ṝ ӊҹ

ȁḠ ̂homographỹ̆ ԅ ᶭ Ḡ ҉ץ̆ ľ ᵌĿȁľ Ŀ

ҌῬ Ȃῒ H ̆̓̀ 9ҩ ̆p Ḥ ῀ ̆

Ҍ Ȃ h33 ҹ 1̆ HҬ 8ҩ Ȃ  

11 12 13

2 1 21 22 23 1

31 32 33

h h h

h h h

h h h

è ø
é ù= =
é ù
é ùê ú

x Hx x                        1.31 

⌠3D Ȃ ̆ 3ҩ ̆ ᵌ 7ҩ ̆ᴏ

12ҩ ̆ ѿ 3D 15ҩ [6]Ȃ 

֓₃ᵥ Ҭ ӊ Ȃ 3D ᵌ ץ ᵣ ⌠

ҕ Ҭ̕ ԍ ̕ ᴏ ԍῤ ȁ

Ἕ ‰ȁץ ̂ 2.2.4̃ Ȃ 

1 ₃ᵥ  



 
 

 (2D/3D) (2D/3D) ῏ Ҍ  

 [I|T]  2×3/3×4 2/3  

↨ᵣ [R|T] 2×3/3×4  3/6 ↨  

ᵌ ɚ[R|T]  2×3/3×4  4/7  

ᴏ  [A]  2×3/3×4  6/12  

 [H]  3×3/4×4  8/15 Ḡ  

3D└2Dה 1.2.3 ₉ᵫ  

ԅ2Dҍ2Dȁ3Dҍ3Dӊ ̆Ԋ ҉ ױ ῏ 3Dҍ2Dӊ ₃ᵥ ̆ ᵥ

׆ ҕ ⌠ Ἕ ץ̆ Ἕ׆ ҕ Ȃ ̆ ױ ׆ ₃

ᵥ̆ ⌠ ᶛ̔ ̂perspective transformation̆ ҹҬ

̃҉Ȃ 

 3D⌠2D Ȃ X 3D ̆xҹ ̆

ҹ̔ 

x = [ɚI |0]X                                1.32 

ῒҬIҹ2Ĭ2 ᵝ ̆ ɚ ң ӊ ᶛ῏ Ȃ └ᵬ

Ἕ ̂ 1.1̃ Ȃ 

 

1.1  

ᴏ  ᴏ ѿ ̆ ң ̔ ᵣ ᾢ ̂ ԍ

ᵣҬ ҍ Ҭ ̃ ⌠ ҩ ҉̕ ̆Ῥ

Ἕ Ȃң ԅᴏ ̔ 

0 1 2 3

0 1 2 3

0 0 0 1

a a a a

b b b b

è ø
é ù=
é ù
é ùê ú

x X                          1.33 

1.2Ҭ̆PȁQᾢ ⌠ ̆Ῥ Ἕ Ȃ́Ԋ ҉̆

ᴟ̂ PȁQ⌠ ̃ ԍ ᵣ⌠ ̆ ᵬ

ᴏ Ȃ ̆ ᵬ ᴰ Ἕ Ȃ 

 



 
 

 

1.2 ᴏ  

 Ҭ ᵣ⌠ Ἕ ̂ 1.3̃Ȃ

ѿ Ҋ̆Ҭ Ὲ ҹ̔ 

T

1
X Y

Z Z

è ø
=é ù
ê ú

x                             1.34 

 

1.3 ̂Ҭ ̃ 

Ԋ ҉̆ Ἕ ѿ ᵝԍ ҉ ̆ ᵣ ↕ ҕ ̆

ѿ ↓Ҭ Ȃ ̆ ȁἝң ѿ ̆ᶏ ң

ṿᵝԍ ѿ ҊȂ ̆ ѿҩ Ạ ̂camera centered 

coordinatẽ Ἕ ꜛ Ȃ ҩ ↕ ԍ ᴏ Ȃѿ ᵬ ԍ

Ἕ x ₃ᵥ ᵬҹῤ ᵝᾝ ̆ K ̔ 

c=x Kx                                1.35 

xc ̆ x ױ Ἕ Ȃ K 1.36Ҭ̆

῍ 5ҩ Ȃsף ңҩ xҍy ӊ ◄ ̆ s = 0Ȃ

ῬẊ fx = fy = f̆ ҹ 3ҩ̔ (x0, y0) fȂ

ῤ ̆ ҹľ Ŀ ӂ ҩ ῏ ӊѿȂ

῏ ῤ 2.4.4 6.1 ׃ Ȃ 

0

0= 0

0 0 1

x

y

f s x

f y

è ø
é ù
é ù
é ùê ú

K                             1.36 

ҍ ᵌ X̆Ӟ ׆ ҕ ⌠ ҊȂңҩ҈ ӊ

╠ ׃ ̆ ҈ ↨ᵣ ̔ 

Xc = [R|T]Xw                              1.37 

ῒҬXcȁXw№≢ ᵣ ҕ ̆ R T ҹ ᵝᾝ Ȃ ̆



 
 

ѿ Ҭ̆Xcҍxc ѿҩ ᶛ ɚ̆ 1.351.37̆ ⌠̔ 

x = ɚK[R|T]Xw = ɚX                             1.38 

ҹ ᶛ ɚ̆ ╠ң №≢ ҉ ҈ ̔ 

 ;
X Y

x y
Z Z
= =                                1.39 

⌠ԅ ѿ Ҋ Ὲ 1.34Ȃ ѿ ̆ Ԋ

ᾢ ̆ ҈ҩ x0ȁ y0ȁf̕ פ X = [R|T]Xw̆  ̔⌠1.38῀ף

0 0- ; -
X Y

x x f y y f
Z Z

=- =-                          1.40 

Ҭ̆1.401.381.39 ̆ ᵬ῍ ᴆ ̆ Ἕ ₃ᵥ

̆ ӥ 2 ῤ Ȃ f ѿҩ ԍ0 ̆╠ ⱴ҉

ҹԅ ҕ Z ѿ Ȃ Ȃ 1.38̆

ῤȁ ᵝᾝ Ώ ѿ ̔ 

P = K[R|T]                               1.41 

P ҹ ̂camera matrix̃̆ ᶛ ̆P ԅҬ Ҋ

Ἕ ₃ᵥ῏ ̕ ̆Ҭ ₃ᵥ῏ ‗ Ȃ 

ҹԅ Ḃ ᴰ ᵣ ̆ ᴧ Ҭ ̆ ңҩ҈

ӊ ̕ ױ 2 ׃ Ȃ 

 

1.3  

ң №≢ ̔ Ἕ ṿȂ Ἕ ѿ̆ ῃ ȁ ȁ

Ἕ Ȃ ѿ ↓ Ἕ ̆ ȁ ȁ

ȁ ᵣ Ȃ Ҭ̆ ױ ῏ Ἕ ̆ ῀⌠ľ Ҍ Ŀ

ҩ ѿ ᵣ ҊȂ Ҍ ᴨ̆ל ꜛԍ ѿ ↓ Ἕ

Ȃ 

ṿ̆ ҩ ᵣ Ἕ ȁҕ ץ̆ ҍ ȁᵝ ȁ ₃ᵥ ῏

̆ GPSȁIMU Ȃ ֓ ṿ 1.2Ҭ ҩ₃ᵥ ȂҌ ̆ᴋ

ᵥ ṿ Ҍ ᾧ Ȃ ҕ Ҍ ̆

̂ ֲ ת Ȃ̃ ₃ᵥ ̆ ᾢ ̆ ԋӗ

ῖ Ȃ ԅ ̆ ң №≢ Ȃ

̆ ֓Ẓ ╠ ṿ̕ ̆ ԍ Ҍ

֟ ᵣ Ẓ Ȃ ױ ңҩ ׃ Ȃ 

1.3.1 Ғ ἥ  

Ҍ  ѿҩ Ἕ ̆

ױ ѿ ̆ ѿ ľ Ҍ ĿȂ ⱴ ῀ ₮

ӊҹ ̆  



 
 

L(ax1 + bx2) = aL(x1) + bL(x2)                       1.42 

ῒҬxi ῀̆L(Ŀ) ᵬ ̆aȁbҹ Ȃ 

ѿҩ Ҭ̆ ῀ҍ ₮ӊ ᵬ Ҍ ̆ ᵬ Ҍ ̔ 

T(x(t)) = y(t) => T(x(t - t0)) = y(t - t0)                  1.43 

ῒҬT(Ŀ) Ҍ ᵬ ̆x(t)ȁy(t)№≢ t ┴ ῀ ₮Ȃ ⱴ

Ҍ ҹ Ҍ Ȃ 

Ḥ Ҭ̆ ҩ ₱ ̆ ᵝ ‖ ₱ ŭ(k)̆ k = 0̆ ŭ(k) = 

1̆ ῒז ’ҹ0Ȃ ῀x(n) Ώ ŭ ⱴ ̔ 

 ( ) ( ) ( )
k

x n x k n kd
+¤

=-¤

= -ä                            1.44 

1.44 Ȃ ̆ Ҍ ᵬ ҹh(Ŀ)̆ ₮ҹ

y̆ ↕̔ 

 

( ) ( ( ))

( ( ) ( ))

( ) ( ( ))

( ) ( ) ( ) ( )

k

k

k

y n h x n

h x k n k

x k h n k

x k h n k x n h n

d

d

=

= -

= -

= - = *

ä

ä

ä

                     1.45 

ҩ ⌠ԅ₱ ŭ ̕ ԓҩ ױ Ώ ̆

Ȃ ̆ѿҩ Ҍ ѿ Ȃ ӊ ̆

Ӟѿ Ҍ ̆ Ҍ Ȃ ѿҩ

̂ ԍӗ ̃̆ ῀ҹ f̂ ץ ₱ ̆Ӟ ץ ̃̆ ңҩ

gȁhᾢ ᵬ ԍ ῀̆↕ ̔ 

 ( ) ( )h g f h g f* * = * *                          1.46 

Ἕ  Ҍᵖ Ḥ ̆ ғ Ἕ ҬӞ ѿҩ ̆ ≢

ѿ׆ ҹԋ Ȃ ׆ױ Ἕ Ȃ׆ ̆ ⌠ Ἕ̆

ҩ Ҭ ֟ ̆ ȂẊ (2k+1)Ĭ(2k+1)ἝҬ ԅ1

ҩ Ἕ ̆ Ȃ ѿҩ ̆ ҩἝ

1/(2K+1)2 ̆ ⌠ѿҩ Ἕ F̔  

 
2

1

(2 1)

v j ku i k

ij uv

u i k v j k

F I
k

= += +

= - = -

=
+
ä ä                          1.47 

ѿҩ ѿ Ἕ̂ Ἕ ̃ҍѿҩ ⱴ ̂

Ἕ Ҭ ̃ Ȃ ̆ ҩ ץ Ҍ ṿ̆ ҹ ľ

̂kennelĿ̃Ȃ ҩ ԍ ̆ ѿױ ӊҹ̂ ̃ Ȃ ѿҩ Hij̆

ӈҊ ԋ ӈҹ̔ 

,

,

ij i u j u uv

u v

F H I- -=ä                             1.48 

҉ ṿ ̆ ̆Ӟ ԅ Ȃѿҩ



 
 

̔ Ἕ Ҭ ̆ ̆ ṿ Ȃ Ḡ

̆ Ḡ Ҭ Ἕ ᴨל ᵝȂ ᴆ ̆ ̔ 

 
2 2

2 2

1
( , ) exp( )

2 2

x y
G x ys

ps s

+
= -                       1.49 

ҹ̔ 

2 2

2 2

1 ( 1) ( 1)
exp( )

2 2
i j

i k j k
H

ps s

- - + - -
= -                  1.50 

ů № ‰ Ȃ ů ̆ ԍ1ҩἝ ̆ Ӈ ₃ӍҌ

ᵬ ̆ ̆ ů ⱴ̆ ᴪᶏ ̆ 1.4 Ȃ Ἕ

Ҭ ῒ ᵝ̆ ԅᵬҹ ̆ Ἕ Ҭ ̆

Ȃ 

   

1.4  (a) ů = 0.8  (b) ů = 3  (c) ů = 5 

 

1.4  

 Ԋ ҉ ѿҩ ᵬ ԍ Ἕ҉Ȃ 1.5

Ȃ ҍ ℗ ῏ ̆ ӈҹ̔ 

 ( ) ( ) ( , )
I I

J I
x y

µ µ
=Ð =

µ µ
x x                        1.51 

Ἕ҉̆ Ҭ № ף№ Ȃ ≢ Ἕ ̆ ҹ

№ Ἕ҉ ⱴ ₮Ȃ ѿ ᵬ Ἕ҉̔ 

( ) ( * ( ))J G Is s=Ðx x                          1.52 

ԍ № Ҍ ̆ ̆҉ Ӟ Ώᵬ̔ 

( ) ( )( )* ( )J G Is s= Ðx x x                        1.53 

Ἕ ᶭ ѿҩ ᵬȂ 1.49̆ 

[ ]
2 2

3 2

1
( ) ( , ) exp( )

2

G G x y
G x y

x y

s s
s

s s

µ µ +
Ð = = - - -

µ µ
x              1.54 

Ṝ̆ ױ ṿ ̆ ̆ ⌠



 
 

Ȃ ᵬ ⌠̆ ╠Ҍᴪ ѿ̕ ̆ ̂ ̃ ̆

ṿ Ӟ ᵬ ֜ ̂zero crossingsȂ̃ ԍ ֜

̕ ᵬ̆Ӟ ҩҒҙ ̆ Laplacian̔ 

2( ) (( )( )* ( )) ( )( )* ( )J G I G Is s sÐ =Ð Ð = Ðx x x x x                1.55 

ԋҩ ⌠ Ҍ Ȃ 2GsÐ ᵬ Laplacian 

of Gaussian (LoG)̔  

2 2 2 2 2 2
2

2 2 3 2 2

1
( ) ( , ) (2 )exp( )

2 2

G G x y x y
G

x y

s s
s

s s s

µ µ + +
Ð = = - -

µ µ
x             1.56 

LoGҌ ԍ ̆ Ӟ ľ Ŀ ̆ SIFT̂ 5.1.2

Ȃ̃ӊ ץ ̆ ῒ ҉ ̔ ᵞ ̂

Ҍ Ȃ̃ SIFTӊ╠̆Ӟ ԅ ̆ MoravecHarris̆ ֓

Ҍ ᴆ̆ ⌠ Ȃ 

ԅ 1.56LoĞ ѿ ᵬ ᵌ ̆ Difference of Gaussian 

(DoG)ȂDoG ң Ἕ̂№≢ ů1ȁů2̃ ̔ 

 
1 2 1 21 2( , , ) ( ) ( ) ( )DoG I G I G I G G Is s s ss s= - = -                1.57 

1.55ҍ 1.57̆ң ҉ ̆Ԋ ҉̆ ױ №

̆ ҉ ᵌȂ Ԋᾢ ⌠ԅҌ № Ἕ̆ DoG

ᵌ LoG ḂȂ 

Ἕ  ԅ ̆ Ӟ ץ Ἕ̆ ᵬ

̆ Ҭ Ȃᶛ ̆Ṣꜛ ̆ ⌠

̆ⱴ Ἕ ̂ 5.2̃̕ ᶃ№ ҉ ᵝ ῐ ᵣ

̂ 5.1 ̃̕ Ἕ ĺĺ ѿ 100,000Ĭ100,000 pixels

Ἕ̆ῃ 30G ῤ ̆ ᵰ № ֽֽ1920Ĭ1080 pixels̆ ҉

ѿ Ἕ ԅ̆ ҹ Ҋ Ȃ 

ᾢ ѿҩᵞ h̆ ᵬ ԍ ╠ Ἕ h*IȂץ ᵞ ̕

rҩἝ ̆ ѿ Ȃ ’ r = 2̆

ᵞѿṐ̆ 1.5Ҭ῍ ҈ ̆ ѿ ҹ 0 l = 0̆ ҉ᶭ ҹl = 1ȁl = 

2Ȃ9Ἕ ѿ h ̔ 

 [ ]4 3 2 1 0 1 2 3 4  

0β Ἕ Ҭ ѿ̆ ΐ ṿȂ ԅ Ҋ̆ ѿ֓ ̂

ᾟ h̃ȂῒҬ̆ ̆ sinc₱ ᶃ ̂

Ȃ̃Ҍ ̆ ̂ ̃ Ἕ ̆ sinc Ҍѿ ԍῒז Ȃ 

1 ₃  

N  ԋ  ҈  sinc JPG2000 



 
 

0 0.50 0.3750 0.5000 0.4939 0.6029 

1 0.25 0.2500 0.3125 0.2684 0.2669 

2  0.0625 0.0000 0.0000 -0.0782 

3   -0.0625 -0.0153 -0.0169 

4    0.0000 0.0267 

 

 

 1.5 Ἕ  

Ἕ  ̆ Ӟ Ҭ ῏ ̔ Ἕ ̂ 5 ̃̆

ᵣἝ Ҭ Ȃ҉ҕ Ӟ ᵬľ ῏

̂correlationĿ̃̆ ҹ ῏ ̆ Ԋ ҉ ѿҩ ̆ ӈ

ҹ̔ 

 
i i

n

I I ¡¡Ã =äI I                               1.58 

ῒҬI IǋἝ ̆ ῏ ᾝ ⱴ̆ ∞ ңҩ

ᵌ Ȃ Ҭ ѿ ῏̂normalized correlatioñ̔  

 
( ) ( )

NC
¡ ¡- Ã -

=
¡ ¡- -

I I I I

I I I I
                          1.59 

ῒҬ I ṿ̆||Ŀ||ҹ Ȃ ̆NCԊ ҉ ңҩ ᵩ ̆ṿ

-1~1ӊ Ȃ ңҩ ӊ ῃ ῏̆ I = ɚIǋ + ŭ ↕ ῏ṿNĈӞ ҹ

῏ ̃ ⌠ ̆ NCΐ ῃ ֦ ⱬȂ ɚҹ ̆ ᵬ

῏̆ Ҭ ’̆ NCṿ 0~1ӊ Ȃ 

1.6 ѿҩ ᶛ ȂẊ Ҭ Ữԅ ᴰ Ἕ Ȃ

Ἕ ̆ ׆ꜚ Ҭ ⌠ ̂ 1.6ã̆ Ἕ Ҭ

ᵝ ̂ 1.6b ҩ ̃ ҩἝ ᵝ ῏ ̆ ԍῤ

Ȃ 



 
 

 

 

 

 

 

1.6  (a) ң ῖ  (b) Ἕ 

NC ѿ ̆ᵖ Ȃ ץ ֦ ̆

₃ӍҌΐ ₃ᵥ ⱬȂ ᵣἝ Ҍ ץ̆

₃ᵥ Ȃ ֓ ᵌҤ ᴆ ҉ҕ Ҭ ⌠Ḡ ̔ ᵝԍ ѿ

ȁ ẒҌ 3Á̆ ẒҌ 6ÁȂ ̆ ȂҌ

̆ ױ ץ ѿ ↓ ₃ᵥ ̂ 5 ̃̆ ֓

Ӟ ӊ Ȃ 

1.3.2 ԑӝ  

ᴨᵀ ̂optimization or optimal estimatioñ₃Ӎ₮ ̆

ѿ ṿ ᶃ№ Ȃ ѿ ȁ ῍

ᴆ ȁ ̆ ԍѿҩ ᴨᵀ Ȃ ҹ

Ὲ ̆ ₮ԅ ԋӗ Ȃ Ҭ ᴨᵀ ῖ ̆ ׂ

ׅ Ȃ ₮ ̔ ṿ ԍ ҩ ̆ ԍ ̕

ṿ ԍẼ ̆ ׆ № Ȃ 

ᾢҹָӇ ԋӗ̂squared̙̃ ӈ̔ɟ(x) =||x||p ᵬp- ̆ԋ L2

̂p = 2̃ ӈҊ ԋӗȂ ԋӗ ᴨᵀ ‰↕ ̔min||x||2Ȃ

L1̂ p = 1ȁ̃ L0.5̂p = 0.5̃ Ӟ ҉ Ȃ ̆L2Ҋ ᴨ

ץ ҹ ̆ € ̂vertex̃̆ ѿҩῃ ᴨ Ȃῒז

Ӈ ̆ ױ € ̂non-vertex̃̆ Ҍᵖ ̆ף ῀

ᴨ Ȃ 

xҹn ̆F(x) = [f1(x), . . . , fm(x)]T ₱ ̆ ױ ⌠ѿ ᶃ

x̆ ᶏ Ҋ ̔ 

 
21

min ( )
2x

F x                              1.60 

 F(x) ̆ ΏᵬAx+b ̆ Ӈ Ȃ ||F(x)||2 ᵬ ԋ

₱ ̆ ṿ ₮ ҹ0 ᵝ ̆ ̔ 



 
 

 
T ( ) 0A Ax b+ =                            1.61 

ᵬ ̔ 

 T TA Ax A b=-                              1.62 

L2Ҋ ᴨᵀ ҹ 1.62ȂATA ѿҩ ̆ ץ

ᾝ xȂѿ֓ ̆ ᴏ ̆ ץ 1.62 Ȃ ̆

Ẋױ ṿ ̆₱ fi(x)Ӟ Ȃᵖ ֓ ’Ҋ̆ ᴨ Ҭ

ң Ҍ ṿ̆ ױ ₱ ̔ 

21
min ( )

2x
P F x                             1.63 

Pף ̆ ѿҩ ̂ Ẋ ṿӊ ԑ ̃̆

ṿ Ȃᶛ ̆ ң ṿ̆ ԋ ṿ ѿ ѿ ̆ Ӈ

ṿ ץ Ӈ ̔P1 = 1̆P2 = 0.25Ȃ ⌠ ױ Ώ ԋ ӊ ̆ ҍ

ӊ ῏ Ȃ 1.63̆ ⌠ ̔ 

T TA PAx A Pb=-                            1.64 

҉ץ ԋӗ Ȃ ̆ ҕ Ҭ ̆

̆ ⌠ ԋӗ Ȃ F(x) יּ ѿ ̆ F̔(x+ȹx) 

å F(x) + J(x) ȹxȂ J(x) F(x) ѿ ̆ ѿҩmĬn ̆ Jij(x) = Öjfi(x)

ṿȂmȁn№≢ף ҩ ҩ Ȃ ԋӗῬ ҹѿҩ ̔ 

 
21

min ( ) ( )
2x

J x x F xD +                           1.65 

ᴏ 1.62̆ ̔ 

 
T T( ) ( ) ( ) ( )J x J x x J x F xD =-                        1.66 

1.65Ҭ ױ ԅԋ ҉ץ ̆ ᵬѿ ᵌ Ҍ ̆ѿ

ҩ ̔ף ȹxҌ ḱ x̆ xk+1 = xk+ȹxk J(x) F(x)̆ Ῥ

1.66̆ ⌠ ᴆȂῒҬѿҩ ᴆ ̔ 

 
1 Tk

k

i

i

x

x

+
D

¢
D

                               1.67 

ῒҬ҉ iף ȹx ᴋ ѿҩ№ ȂT ṿ̆ Ҍ Ȃ

ᶛ ̆ ῍ ᴆ ᵝᾝ ̆10-5 Ḡ

Ȃ 

ԋӗ ף ̆ ҉ Ạ - ȂH(x) = J(x)TJ(x) ԍ

H̔essianȁḤ ȁ ȁ Ȃ g = J(x)TF(x)

ᵬ ̆ ₱ 1.60ѿ ̆ Ȃ ’Ҋ̆ ױ ץ

ῒ ȹxȂҌ ̆ ѿҩ ᾝ ҹ 0̆ Ҍ ̕ ᾝ

ԍ 0̆ Ӈ ῒ ᾝӞ Ȃ ̆ ⱴ῀ѿҩ ᵬ ↕ ̆

Hessian ᵬ ѿ ̆↕ ᴨ ҹ̔ 



 
 

 
2 21

min ( ) ( ) ( )
2x

J x x F x D x xmD + + D                  1.68 

̔ 

 
T T T( ( ) ( ) ( ) ( )) ( ) ( )J x J x D x D x x J x F xm+ D =-                1.69 

↕ Ҭ D(x) J(x)TJ(x) ᾝ ̆ ɛ └ ȹx ̆

ɛ ̆ ̆ɛ = 0 ᴰ ԋӗȂ ᵬLevenberg-Marquardt (LM)

[7]Ȃ ╠ף ₱ 1.60 ҍ ᵌ ₱ 1.65 ӊ Ҍ

ɛ̆ ׆ Ḡ Ȃ 

ᴰ Ҭ̆ 1.66ῃ ̆ ҹ Ḡ ԅľ Ŀ

̆ ₮ ȂҌ ̆ ⌠ῒז ̆ ’ Ҍ ѿ ̔

̆ ᴪ₮ ( ӊ ҍ ӊ ) Ȃ ױ

H(x) ᾝ ҉ⱴ῀ѿ 0 Ḡ̆ Ȃ ҹ ᵀ ̆ LM

Ȃ 

҉ץ L2Ҋ ᴨ ѿ ̆ ԍ

Ȃ ̆ ԋӗ Ӟ ץ ῒז ᴇ Ȃ ̔ ӈ ̆ ῐ

῏ Ȃ 

ѿҩ ῒ̔ז Ҋ ᴨ ΐ ᴇṿ̙Ԋ ҉̆

̆ ⱬ ̆ ױֲ L1̂ ѿ

€₱ ̃̆ L0.xҊ ᴨ ԅ˻ ѿ ̆ Ҍѿ

ԋӗ Ȃ ӥ ῤ ᴨ ̆ ץ Ȃ̓͂

ԍ ѿ̔ҩᵞ ̆ ҹ Ȃ

̆ Ӈ ᴪ ̕ ↕̆ң Ȃ 

1.3.3  

ԋӗ Ҍ ԍ ̂robust algrithmȂ̃ ⱬ̆ ̂outlier

gross error̃ Ẓ Ȃ ԋӗẊ ṿ № ̕

ᴆҊ̆ ᴆ Ȃץ ҹᶛ̆ ṿҬ ѿҩ ̆

ԋӗ ⌠ Ȃ ̆ Ḡ ᾢ

‗ ᴆȂ ׃ױ ң Ȃ 

ץ ҉ ҹᶛ̆ ңҩ ̆ m = 2Ȃѿ ̆

ңҩ ̆ ңҩ ῤ ̂inliers̃̆ ̆ Ӈ ױ

lȂ ῒᵩ ῀ף ̆ῤ xl = 0̆ ԍҌ

̂xl Í 0̃ ₮ Ȃ ̆ ₮ ӊҹ

ѿ ̂RANSAC̃[8]Ȃ ̆ ᵥ ңҩῤ Ȃ 

פ ṿҩ ҹ n̆ n >> m̕ Ẋ ῤ ᶛ wȂ ױ mҩ ̆

k ’Ҋ̆ ⌠mҩ ῤ p̔  

p = 1 - (1 - wm)k                             1.70 



 
 

ҹḠ ̆p 0.99̂ ̃̆ w = 0.25 ̂ 75%̃ ̆m = 

2̆ k = 71Ȃ ף ⱬҊ̆ ҩ ῃ Ḡץ Ȃ 

k ṿӊ ̆ Ȃ mҩ ̆ ѿ ̆ ▼ᵩ Ṝ

῀ף ̆ ῒṿ ԍ 0̂ ԍ 0̃ ∞ ҹῤ ̆ ῤ Ȃ

̆ῤ ̆ᵬҹ ᶃ Ȃ ̆ ῤ Ῥ Ȃ 

RANSAC ȁ ԍ῀̆ Ҭ Ȃᵖ Ӟ

Ȃ ԍ ̆RANSAC ᵞ Ҭ ̆ӞҌ

↓ ꜚ Ҭ Ȃ ѿ Ạ ̂varying weight methods

weight decaying methodsȂ̃ 1.3.2Ҭ ױ ԅ ᵥҹң ṿ

̂ 1.64Ȃ̃ ֓ ҌῬ ̆ ױ Ҍ ₮ ᵥ ȂҌ ѿ ̔

ᵝ ѿ ̆ ֓ ҹ 0̆ ױ ҬҌ ᴋᵥᵬ ץ̆ ⌠

╧ Ȃ ̆ ף ֓

Ȃ 

ᶭ ᶛ Ȃ ᾢ̆Ẋ ῤ ̆ ṿpi ҹ 1̆

ѿ lȂ ԍ ̆ ҩl Ҍ ̆ Ҭ ů Ȃ ̆

ױ ̆ ҩ ṿ ů̆ ṿxi vi ‗ Ȃ

̆ Ҍѿ ₱ ̆ ҉Ӟ ₮ ԅ ₱ ȂῒҬ

ѿҩ ₱ ̔ 

 
2

21

1, 1(IT 3)
; ,

3.29(IT 3),

i i
i i

ii i

T K v
p T K

rT T K s-

ë ¢ ¢ëî
= = =ì ì

>> íîí

                 1.71 

ῒҬ p̆iҹ iҩ ṿ ף ṿ r̆i ṿ ᵩ № r̆i = trace(QvvP)ĭ

trace() ̆ITҹ ף Ȃ QvvP Ҭ ̆ ԅ

vҍ F(x) - J(x)ȹx̂ ῏F(x)J(x)ӈ 1.65̃ӊ ῏ ̔ 

 ( ( ) ( ) )vvv Q P F x J x x= - D                         1.72 

ῒҬQvv ̔ 

1 T T 1( ) ( ( ) ( )) ( )vvQ P J x J x PJ x J x- -= -                   1.73 

ף ̆ Ti ̆ ̆ ṿpi ̆

Ҍ֟ ̆ ⌠╧ Ȃ 

҉ҕ ῇȁӜ ף ⌠ ̆ ╠ׅ ԍᾣ ҬȂᵖ

Ҭ̂ ̆ ̃̆ RANSACףȂ ңҩ Ȃ ѿ̆

ԍRANSAC̆ ҹ ̆ ₱ ̆ᵖ Ҍ RANSAC

̕ ԋ̆ ׂ ‗̔ ץ Ҭ 1ҩ ₃ҩ ҹ ╠

ғ̆ ҹױזӊ ԑ Ȃ Ҭ ԑ ̆ Ҭ

ѿ ꜚῃ ̆ Ҍ ȂҌ ̆ Ḃ ̆ Ҭ

̆ң ₃Ӎ Ȃ 



 
 

Ҭ Ҍ ѿ Ȃ ױ ׃1.2.3 ῍ ᴆ ̆

ԅἝ ṿ ̆GPS/IMU ᵝᾝ ȁ └ Ӟ Ȃ

5 ̆ ױ ׃ Ἕ ̆ ף ֲ ꜚ ≢ ̆

≢ Ȃ ׃ ң ̆ ֓ ӊ Ȃ 

1.3.4  

ԅ ȁ ӊ ̆ ױ ѿ ̆ ҹ ̆ Ȃ

ӈ̆ Ҍ ף Ẓ Ȃɒ ̆

̆ ᾣ ̂ ҹᾣ ᴰ ̃ ֟ Ẓ ̆ ױ ҩ ⱴ

Ҥ Ȃ 

׆ ⌠ ḱ̆ ₮ Ҥ Ȃ ף

ѿҩ ҩ ₱ Ȃ ╠ױ ҽ ᶛ ᾣ̔ ᴰ

ѿ № ̆ ׆ ᾣ ȂẊ № ̆

ױ ץ № ᾣ ᴰ Ȃ ᾣ Ἕ Ҥ Ȃ

ꜚ ̆p Ӟױ ₮ѿ֓ ᵬ̆ҹ ᴰ

Ȃ 

Ғҙ ԋҩ ᶛ ȂҺ ᾣ Ȃ

└ ᾣ ṕȂ ѿ ᾣ ῀ ̆ ԍҌ ᾣΐ Ҍ ̆

Ἕ ҉ ᾣȂ ѿҩ Ȃ ᾣ

└ ḱ ̔ ѿ ѿҩ Ȃ ╠ ҌῬױ ᾣ ̆ᵖ ԍ

└̆ ׅױ ̔CCD ̂ ȁ̃ ℗

̂ 2.3.3̃ȁ Ȃ ף ױ

ҍ Ȃ 

҈ҩ ᶛ ῏ԍ ̂Rational Function Model, RFM̃[9]Ȃ

Ҭ̆ ԍ Ἕ ̂ ᵝᾝ ̃̆ ױ

ץ RFM ף Ҥ Ἕ Ȃp ₃ᵥ҉ ל ῀ѿ֓ ̕ ̆

Ἕ Ҭⱴ῀ѿҩᴏ ḱץ̆ RFM ̆ ⌠ ᵝ ̂

2.2.4̃Ȃ 

׆ ֓ᶛ Ҭ ױ ңҩ ↕̔ ᾢ̆ ̆ Ҥ

̕ῒ ̆ ̆ ₃ᵥ ̆ Ῥץ ῀ῒ₃זᵥ ̂

֓₃ᵥ ѿ ⱴ ῏ ̃ Ȃ ױ ⌠ Ῥ

Ȃ 

1.3.5 ᵒ Ї  

ױ ץ ԋӗ ѿ Ӟ̕ ץ ΐ ӈ

ᵌ ᵀ ̂maximum likelihood estimation, MLẼȂ ԋӗ Ԋ ҉ ᵌ ᵀ

Ȃ ᵌ ᵀ ҩ ɗ̆ ᶏ ₮ ╠ x ̔ 

argmax p(x|ɗ)                              1.74 

1.74ҍ ԋӗ ≢ ԍ̆MLE ҌẊ № ̆ ԋӗ



 
 

̆ ץ ԋ № ȁ № ῒז Ȃ 1.74 ѿ №̔

₱ ҍᵌ ₱ ≢Ȃ x ̆ɗ ̆ ҩ₱ ҹᵌ ₱

̂likelihood functioñ̆ ҩ ⌠x Ȃ ӊ̆ ɗ ̆

x ̆ ҩ₱ Ạ ₱ ̂probability functioñ̆ Ҋx₮ Ȃ 

ױ ׃ MLE Ȃ ᾢ̆ ԋӗ ̆Ẋ ѿҩ ṿ xi Ȃ

̆ ⌠ ҩ ԍ ⌠ ҩ ṿ ӊ Ȃ 1.74

Ώ ӗ ̔ 

argmax Ʉp(xi|ɗ)                              1.75 

ῒҬɄף ӗ Ȃץ ṿ № ҹᶛ̆ ױ ץ ѿ MLEҬ

p ̔ 

 

2

2

( )1
( ; , ) ( )

22

ii
x u

p x us
sp

-
= -

ä                      1.76 

ῒҬu ů№ ҹ № ṿ ‰ Ȃ ԋӗ ᵌ̆ ױ

ṿȂ ⌠ Ҍ ṿ ᵝ ̆ ױ ᾢ 1.76 ̔ 

 

2

2

( ) 1
ln ( ; , ) ln

2 2

ii
x u

p x us
s p

-
- = -

ä                      1.77 

1.77ѿҩԋ ₱ Ȃ ̆ 1.77 ṿ̆ ҹѿҩ ԋӗ

Ȃ ̆ ῒז ṿ № ῒ̆ Ҍ ̆p ѿ Ȃ 

ѿҩ ̔ ᵀ ̂maximum a posteriori estimation, MAP̃̆

ᵌ ᵀ Ҋ ѿ ḱ Ȃ x̆ ѿҩ ᴨ

ɗ̆ ᶏ 1.78 Ȃ 

argmax p(x|ɗ) p(ɗ)                            1.78 

MAP MLEҍ ɗᾢ ӗ ȂMAP ӈ ׆ץ Ȃ

ԅᾢ ῏ ̔ 

 ( )
( )()

()

|
|

x p

x

p
p x

p

q q
q =                         1.79 

ѿ Ҭ̆ɗ x ԑҹץ Ȃ MAPҬ̆x

̆ p(x) = 1Ȃ ץ 1.79 ҉ p(ɗ|x)̆ ̔ 

argmax p(ɗ|x)                              1.80 

Ȃ Ҭ̆ΐᵣ MLE MAP ‗ԍ

ɗ ΐ ᾢ Ḥ Ȃᶛ ̆ ԍѿҩ ̆ ױ Ẋץ ₮

ҹ 0.5Ȃ 10 ╠ Ҋ̆ ₮ ԅ 7 ҉̆↕ ᵌ ᵀ

ľ₮ Ŀᵀṿҹ 0.7̆ MAP ᵀṿ↕ҹ 0.56Ȃ ױ ᾢ № ѿ

̆ ᾢ № ѿ № ̆ MAPҍMLE ᵀṿ Ȃ ̆MLE ѿ

MAPȂ 



 
 

MAP ῏ №Ȃ ԅ ӈȂ ᴨל ԍ

ꜚ ∆ ̕ ȁ ף ľḤ Ŀ̂belief̆

ҩ Ԋ ҉ ѿҩ Ȃ̃ῒ ̔ ᾢ ѿҩ῏ԍᾢ Ḥ Ȃᶛ ̆Ẋ

Ὲ ҉ Ӎ ̆ᵰ ץ x0 vᵀ ᵝ

belief = p(x|x0,v,t)̆ ҹ x = x0 + vt № ̆ ᾢ Ȃ

̆x ᵀ ᴪ Ȃ t ┴ GPS gt̆ GPS ṿ №

p(x|gt)̆ Ẋ x = gtғ № ̆ ᵝ ̆ ᵬҹҊ ᾢ Ȃ ҩ

Ҍ ̆ Ҍ Ḥ ̆ Ȃ 4 ױ ₮

ᶛȂ 

1.3.6 ⅎ * 

№̆ ᴪ ױ ᵥ ѿҩ ҩ ᴆҊ̆ ₱ ṿȂ

ԋӗ № ̔ ѿ ᴨ ̆ᶏ L2Ҋ ₱ ҹ0Ȃᵖ ̆

’Ҋ̆ ױ Ȃᶛ ̔ ᵥ ᾣ ᵥ ᾣ ᴰ ̙

̆ № Ȃ № ҩ ̆

ľ Ŀ ṿȂ ҩ ᵬ ₱̆ ҌῬ ̆

̆ ₱ Ȃҍ ̆ ҌῬ ѿ ף ̆ ѿ № ̆ῒ ֞

ⱴԅȂ 

ױ Ҋ №̔ 

 
2

1

( , , )
x

x
I F x f f dx¡=ñ                              1.81 

Fᶭ ԍ ₱ f ῒ f'ȂẊ ₱ f ңҩ ṿҹ f̔(x1) 
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῏ ̆ᶏ ҹ ӟ Ҋ ҹ ҒҙӊѿȂ 7 Ҭ̆ ױ

׃ ӟ Ҭ ̆ Ғ └ ץ 3D ̕ң ᴰ

Ȃ 

╠̆ ҩ ӟ ᶫ∆ ῀ Ȃ ̔

TensorFlow̆FacebookCaffĕץ TorchȁMXNetȂҌ ̆ ᶏ ῒҬѿҩ
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̆ ᾣ [10]Ȃ 

 

 

2.3 ῍ ̂ã ̂b̃ 

̆ ҉ ȂץҊҹ₃ ῖ

[10]̔ 

̂ã Ȃ ῀ ҍ ῏ ̆ ԅἝ x = (x, y)̆

r = (x2+y2)0.5 ̆ ᾣ ῀ ŬȂ 

r = fĀŬ                                  2.14 

̂b̃ Ȃ ӈ̆ Ḡ ԅ ᵣ῀ ̂ ᵝԍ Ҭ

ᾣ ̃ҍῒ Ἕ҉ ӊ ҹ ̆ ҍ῀ ᵝ ῏Ȃ 

r = 2fĀsin0.5Ŭ                              2.15 

̂c̃ ֜ Ȃ῀ ҍ ᶛ̆ ԅ׆ ⌠ ֜

Ȃ 

r = fĀsinŬ                                2.16 

̂d̃ ̂ ᵣ ̃Ȃ ҹ Ҭ ̆ ҉

ѿѿ ҍ ҉Ȃ ΐ Ḡ ̆ ῍ ̕p

Ȃ 

r = 2fĀtan0.5Ŭ                              2.17 

֓ Ҭ̆ ҹ Ȃ ֜ Ἕ

Ȃ 

ҩ ̆ ץ ѿ ȁἝ Ἕ₃ᵥ Ȃץ

ҹᶛ̆ ҕ ҹXw̆ ᵣ⌠ №≢ҹ RȁT̆↕ῒᴰ

X = [X, Y, Z] = ɚ[R|T]Xw̆ ῀ף 2.14̔  

2 2
2 2 arctan

X Y
x y f f

Z
a

+
+ = =                    2.18 

⌠῀ ᾣȁ ᾣ Ἕ ҉ ῍ ̆ ̂ 180Á̃̆
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Ҋ Ἕ₃ᵥ ̕ ԍῒז ̆ Ȃ

ѿ ̔ Ἕ ₃ᵥ῏ ҌῬ ҈ ῍ ῍ץ̆ ᴆ ҹ ѿ

̙ ˻ ױ ̆ῤȁ ᵝᾝ

Ҍ ̆ ѿ ≢ ╠ Ạ₮ Ȃ ̆

ѿ ᶫ ᶏ̆῍ ᴆ ׅ ̔ ᵬ

₃ᵥ ̆ ѿ ҈ ῍ ̆ Ἕ ҹѿҩ

Ἕ̂ 2.4.4 ̃Ȃ 

2.2.4 ₉ᵫ ἥ  

1.2.3Ҭ̆ ׃ױ ԅᴏ ̂ ҹ ᾣ ̃̆ ѿ

₃ᵥ Ἕ ₱ ̂Rational Functional Model, RFM̃[11]Ȃľ Ŀ

̔ Ἕ ₃ᵥ ᵥ ȁD ῤ ̆ ѿ

Ἕ Ȃ RFM ѿ № ̆ ҉ ᴇԍ ̂Direct 

Linear Transformation, DLT̃̔  
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Ԋ ҉̆2.20 1.38ѿ ̆ ῤ Kҍ [R|T] №Ȃ

Ҍ῏ ῤ ̆ Ἕ ̆2.20 ѿ ғҤ ₃ᵥ ̆

Ҭ Ȃ ῀ ̆ ᴪ ѿҩ ̔ 2.20

ᵬ ѿ Ἕ ̆ Ӈ ᴋ̆ᵥѿҩ3Ĭ4 ף ѿ̆

̙Ԋ ҉̆ 3Ĭ4 ╠҈↓ ↓ Ҍҹ ң̆ ᴇȂ 

2.21Ҭ 11ҩ ̆ 6 ҉ץ └ ̆ 1.3.2 ׃ ԋ

ӗ ⌠ ᴨ Ȃ ̆ ̆ Ԋᾢ Ἕ

↕ ᵬ̂regularizatioñ̆ ᴪ Ȃ ↕ Ҋץ ̔ 

̂1̃ Ȃ Ἕ ⌠ ̆ ̆ ̆ 
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ױ X-Y ᵬѿ ᵌ ̆ Z Ғ ᵬѿ ᵌ Ȃ 

ѿ ᴨ ᵣ ̔ └ԅ ֓ ғ̆ Ҭ

ṿ ׆̆ ̂ ⌠2.21Ҭ Li ṿ̆ ԍ ̆ ṿ

̆ Ȃ̃ ԍ҉ץ ̆ ֓ ҹ ↕ DLTҬ Ҍ

ᵬ̆ Ҍ Ȃ 

ԅѿ RFM̆ DLT̆҈ № Ҭ RFMȂ Ҍ ҈
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ῒҬ miҹ ̆ῒ Ҍ 3̕ ҈ ῍ 20ҩ Ȃ ̆
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҈ RFM Ώᵬ̔ 
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ᵌ ̆ (rn, cn)ȁ(Xn, Yn, Zn)№≢ Ἕ ѿ

Ȃ Ҭ ᶛ̆ ѿ ׅ ᵌ ̆ᵖ Ҭ ̆

№ ̂ Ҍ XY ̃̆ ╠ ↕ ԋ 2.23 ҹ̔ 
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2.28Ҭ῍ 80ҩ ̆ ⌠b19 d19 ҹ 1̆ ҹ78ҩȂ 39ҩ



 
 

҉ץ └ ԋӗ Ȃ 

ѿ ̆ ̆ Ȃ ῏

̆ Ҍ Ȃҹ ѿ ̆ Ҭ ң Ȃ

ѿ ⱴ └ Ȃ ᵬҙҬ └ ̆ ľ └ Ŀ

‗̆Ӟ ᵬ ῏ Ȃ └ ̆ ̆ └ ̆ Ԋᾢ

̂ 2.2.2̃Ȃ ᾢ̆ ѿ ↓ ԑ ̆

ҹ └ Ȃ ̆ └ Ἕ ̆ Ἕ Ȃ

ԅ └ Ἕ ̆ RFM Ȃ 2.4Ҭ̆hiף i └

̆3 └ ҉ └ Ἕ ̂ ᾣ ̆

Ȃ̃Ҥ ̆ ῏ RFM Ἕ Ҍ̆

Ȃ № Ἕ ᶫ ̆ ₮ԍ ҙ ̆ ᶫRFM ץ

Ҥף ̆ ῏ Ȃ ̆҈ RFM Ἕ ᴨ

ԍ0.1pixel̂ Ҍ Ἕ ≢̃̆ Ҍᴪ Ȃ 

 
2.4 ῏ └  

ԋ ҹ ῏ ֽ̆≠ └ Ȃѿ ᵬľ

ᵀ Ŀ ץ̆ ‗ └ ╠ Ҋ̆ Ȃ ᵀ

ҍ ױ ׃1.3.2 LM ̆ ᾝ ҉ⱴ῀ѿҩ └ ף

Ȃҹ Ḃ̆ ױ LM ῬΏѿ ̔ 

T T T( ( ) ( ) ( ) ( )) ( ) ( )J x J x D x D x x J x F xm+ D =-                    2.30 

LMҬ̆D(x) J(x)TJ(x) ᾝ ̆ ̆ ᵀ D(x)

ҹ ᵝ ̆ ɛ └ȹx Ȃ Ҍ ᴨ ╠ Ҋ̆ ץ ѿ ↓ ̆№

≢ ֓ ɛṿ 2.30Ȃ ̆ ᴇ ҩɛ ľL Ŀ[12]Ȃ̔פ 
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̃̔  



 
 

 
2 2 23

Ĕ arg max
( )

u
xh x h

x h

¡ ¡¡ ¡¡ ¡-
=

¡ ¡+
                          2.32 

ף ̆ L ⌠ѿҩ ᴨ ̆ 2.30⌠ף ȹx̆ ⌠

ף Ȃ 

̆Ӟ ץ ԋӗ 2.28Ȃ № ӗ⌠ ̔ 
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ѿҩ῏ԍ78ҩ Ȃ ∆ṿ ᵖ̆ף ױ ץ
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̆ 78 RFMᵬҹ Ἕ ᶭ ᴪ ѿ֓ Ȃ
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֓ᴏ ҍRFM Ȃ ̆RFM ⌠̆Ῥ

└ ̂ ԍ3ҩ̃̆ ѿ ᴏ ץ ᵝ Ȃ 

҈ RFM ᵝҬ ⌠ԅ ⱳ Ȃ

Ἕ ԍ ̙ ̆ ץ ף ̕

ף Ҥ ̆ ҹץ ף ӊҽ̆ Ҍṿ ṤȂ 

 

2.3 ῃ Ἕ  

ῃ ⌠ ȁ ȁ ֲ ğoogleȁ

ԑ Ὲ Ἕ Ӟ ԍῃ Ȃ ῃ ̆ ῃ ᵝ360Á̆

360Á ἝȂҌ ̆ └ ҉̆ ׅ ѿ

̆ ╠ ῃ ѿ Ṣꜛ ≢ ҉ Ȃ Ἕ ̆

№ҹ҈ ̔ ̂catadioptric̃ ȁ ̂multi-camera rig̃

Ȃ╠ ̂Mirror̃̕ ң ̂lens̃̆ ԍ ̂dioptricȂ̃

Ҋץ ׃≢№ױ ץ ҈ ῃ Ἕ Ȃ 

2.3.1 Ὴ  

ῃ Ἕ ᵬ ҉ ̂ ̆ ӥץ ҹҺ Ȃ̃ῒ

̂ Ҭ ̃ Ȃ 2.5̂ã ԅῃ Ἕ ̆ ԅ Sȁ

Ἕ ŭ P҈ ῍ ₃ᵥ῏ Ȃ 

ᾢ̆ Ἕ҉ᴋѿ ᴰ Ȃ 2.35 ⌠Ἕ (x, y)

̔ 

(2 ) ( 2 )
;
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h v

x W H y

W H
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j j
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W H№≢ Ἕ ̆űh ̆ -  ́~ ӊ́ ̆űv ̆ -0.5́  

~ 0.5́ ӊ Ȃ ̆ᵈ₮ ץ̆ ľ ╠҉̂ᶭ ҹ X-Y-Z ̃Ŀ ҹᶛ̆

ҹ xǋ = (xǋ, yǋ, zǋ)̔  
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r ҹ ̆ Ȃ ̆Ἕ û ᴰ xǋ̃̆ p̂ ҕ

Xw̃ ץ̆ ҈ ῍ ̔ 

xǋ = ɚ[R|T]Xw                              2.37 

R T№≢ҹ Ẓ Ȃ ῃ Ἕ ῒ̆

ҍᴰ Ἕ ᵌȂ ≢ ԍ̆ zǋҌῬ ̆ᵖ ⌠ ₃ᵥ
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2 2 2 2x y z r¡ ¡ ¡+ + =                            2.38 

2.37Ҭᶭ 2ҩ Ȃ 

 

2.5 (a) ῃ  (b) ῃ ̂ [13]̃  

2.3.2 ῃ  

ῃ ̂ ҬӞ ῃ ̃ ѿ ↓ ȁ

̆ ҩ Ἕ̆Ῥ ҹῃ Ȃ 2.5̂ b̃ ̆ ҩ ΐ Ҭ

C̆ └ ҉ Ḡ ҍ S ῃ Ȃ ̆ ҉ ҈ ῍ Cȁuc PǋȂ

Ἕ Ȃ № ̆p ԅῃ Ἕ ӈȂ

Ἕ uc ⌠ ҩ ҉̆ ⌠ ŭ Ἕ ѿ
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Ἕ ҉ Ȃ 

ѿ ̆ Ἕ ҹ ѿ ῃ Ȃ 2.39 ԅ ᵥ

Ἕ uĉ ῒ x ̃ ῃ Ἕ û ῒ ᶭ xǋ ̃Ȃ Ҭ̆Ki

i ҩ ῤ ̆Һ ȁCCD ȁ ȁҺ



 
 

̂ 2.4.4 ̃̕Ri Ti№≢ i ҩ Ҭ ῃ

Ҭ Ẓ ̕KiȁRiȁTi Ҥ ӊ ҹ ṿ̕mҹ

r ᶛ ̆ 2.38 m xǋȂ 
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׆ 2.4̂ b̃ ₮̆ ԍ ῍ ᴆ ᾣ CuPǋ SuPȂ Ӈ̆ ױ ᾢ

̂xǋ - Tĩ̆ ῒ ѿ ̂ⱴ҉ Tĩ̆ ⌠῍ ᴆ
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Ȃ 2.6 6ҩ Ἕ ῃ Ἕ̂ 2.34 ҉̃
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2.6 Ἕ ῃ Ἕ 

2.3.3 Ὴ  

↓CCD̆ Ạ ꜚ Ἕ̆ 360Á ἝȂ

2.7 Ȃ 2.7̂ ã Ҭ̆ ┴ Ἕҹ ѿ↓̆ Ἕ ┴ ̆

Ἕ̆ ץ ҉ ҹ Ἕ ̂i, j̃Ȃ 2.7̂ b̃ Ҭ̆ ᵣP
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Zҹᴰ ̂ ̃ ̆↕ Ἕ ᴰ xǋ = (xǋ, yǋ, zǋ)ӊ ῏ ̔ 
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2.7 ῃ ̂ [14]̃  

2.3.4 Ὴ  
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ἝȂ 2.8 ԅ ̂parabolic mirror̃ҍ ῃ Ȃ 
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ῒҬ̆Kcҹ ῤ ̆Rcҹ ⌠ Ȃ ҈ҩ ԅ ҩҕ

Xw̆ ̆Ῥ Ἕ ₃ᵥ ȂῈ ׆ ̆
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╠̆ ῃ ҹ ̆ ⌠ ҙ Ȃ ҉ҕ ̆

Ὲ ֟ ῃ ̆ᵖ ⌠ ̕ ῃ ̆ ԍ
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2.4 Ἕ ѿ֓ ᾟ 

2.4.1 ֢ᴰ  
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Ὲ 1.391.40̂ῃ -f ṿ№ z̃̆ 2.46Ҭ ңҩ
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ԋӗ̆ ṿ№ ̂Singular Value Decomposition, SVD̃̆
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det([ , , ])

det([ , , ])

c

c

c

X

Y

Z

è ø è ø
é ù é ù

= -
é ù é ù
é ù é ùê ú ê ú

P P P

P P P

P P P

                       2.50 

ԋ ̆Ẋ ῤ Kҹ҉҈ ғ ᾝ ҹ ̆ 1.36̕

ѿ ΏᵬP = K[R|-RC] = [M|-MC]Ȃ RQ№ ̆ M№ ҹ҉҈ Kҍ ֜ R: 

M = KRȂ ׆↕ PҬ ԅῤ ᵝᾝ Ȃ ̆ K ҉҈ ̆↕

№ ₮ῤ ̆ ҹP ץ № ̔P = (KR1)(R1T[R|-RC])̆ῒҬR1ҹ

ᴋ ᵝ ֜ Ȃ 

K Ȃ ̆2.46 ҹ̔ 

x' = K-1x = ɚ[R|T]X = ɚDX                       2.51 

ᶭ 2.49 D̆ ⌠ [R|T]Ȃ 

2.4.2 ΐ ᴌ  



 
 

ҕ ᵬҹ ῀̆ ῍ ᴆ̂ ̃

Ἕ ̆ѿ ᵬľ ĿȂᶛ ̆ Ԋᾢ ԅ Ԛ ̆ ԍ ╠

ҩԚ ̆ Ἕ₃ᵥ Ḃ Ἕ҉ Ȃ ף ꜚ Ҭ̆

ᵝ GPS/IMU׆ Ȃ ׆ ἝҬ ᵝ

̆ ⁞ Ԛ ᵬҬ ֲ ᵬҙȂ 

ľ Ŀ ѿҩ ᾣ Ȃ ̆ ᵣ̂

̃ ̆ ץ ⌠ ᵣ Ҍ ᾣ ᴆҊ ἝȂᶛ ̆ ̆

ѿ ᾣ ᾣҊ ꜚ ‰ Ȃ 

ӊ̆ Ἕ ᵬҹ ῀̆ ҕ ̆ ҹľ ĿȂ

̆ ᾣ ̆ Ȃᵖ Ԋᾢױ ̆ ҈

̆Ӟ ҍ̂Ἕ Ҭ ̃ᾣ ֜ᴪ̆׆ ⌠ Ȃ ѿ

̆ Ἕ ҉ ֦ ᵬ̆ҹ ⌠ ҈ ҉̆ ҹ Ȃ

ױ ң ҉ץ Ἕ ̆ ֜ᴪ₮ҕ ̆ ҹľ╠ ֜ᴪĿ̕ ҉ ҈

Ȃ №ῤ ҈ ׃ Ȃ  

2.4.3 ғ  

̂vanishing point̃ Ҭ Ȃ ҕ Ҭ Ἕ ҉

Ȃɒ ң̆ ̆ ֜ԍ ̕ Ἕ ҉̆ ң ̂ѿ ҌῬ ̃̆

֜ԍѿ ̆ ľ Ŀ ȂῬ ̆ ԑ ̆ ױ Ἕ

҉ ֜ ľ Ŀ Ȃ Ҭ ҩҒҙ ľ̔Ἕ ĿȂ

̆ ᴋ d ̆ ԍd ֜ ȂṢꜛ ̆

ҹXÐ = (d, 0)Ȃף῀⌠ 1.38̆ ⌠̔ 

 [ | ] ¤= =v K R T X KRd                         2.52 

̆ ױ ԅ d̆ ғ ԅ Ἕ v̆ ≠ ₃ᵥ

Ἕ 2.52̆ ῤ ᵝᾝ Ȃ ≢ ̆ ̆ ғῒ ₮

Ἕ ῤ̆ Ҭ ѿҩ ᴆȂ ̆

⌠ 2.52ҍ ᵝ ῏̆ ױ ῤ ̆ ᾝ ̕

K ̆Ӟ ᵌ2.4.1 RQ№ ⌠K RȂ 

1.2.1 ̔ Ἕ Ȃ ѿ 2ҩ Ȃ

҉ ̆№≢ ῒ ԑ ̆ ⌠ңҩ ̆ῒ ľ

Ŀ ̂ 2.9̃Ȃᴋᵥҍ ̆ῒ Ӟ ҍ Ȃ

‗ ̆ҍᵝ ῏Ȃ ҍ ᵌȂẊ ᴋ ҹ n̆

ῒ Ҭ Ĉ 2.10̃̆ ⌠̔ 

 
-T=l K Rn                               2.53 

Ἕ Ȃ ԅ ̆ ȁ ȁ ΐ ȁ

ғ ң ᵣ̆ ᵬҹ Ȃ 

 



 
 

 

 

 2.9 ң ⌠  

 

2.10 nҍἝ ֜ᴪ ⌠̂ [16]̃  

₃ᵥ ѿ ԍ Ȃ ̆ ῃ ̆

ᶭ Ȃᵖ ԍ ԅ ̆ Ạ ╠ ᵬȂ 

2.4.4  

ᴰ ΐ̆ ҙ ̆ ѿױ ῤ

ᵬҹ ȂҌ ̆ ֲ ȁẁ ꜚ Ҭ ̆

Ԋᾢ ᵬ̆ ҹ ᵝ Ȃ ԍ └ Һ

ң Ȃ ΐ 3D ̆ ȁ ȁ ԍ

≢ ̆ғ Ҭ ᵝ ̕ ᴇף Ȃ ԋ ≠

Ȃ ץ ̆ ҉└ᵬѿ◐ ̆ ҹ ҉ Ḃ

ԍ ̕Ӟ ץ ̆ ҉ ѿ◐ Ȃ ѿ ᴇ̆ғ

̆ῒ Ӟ ̆ ҹ Һ Ȃ 

ѿ ҉҈ ῤ K ҈ᾝ (x0, y0, f) ῤ Ȃ 2.4.1Ҭ̆ ׃

ԅ K ̆ ᵥ ѿ └ ̆ᾢ P̆ Ῥ KȂԊ ҉̆

K (x0, y0, f) Ҍ ῃ Ȃ ╠̆ ⱴ ̆ (x0, 

y0, f) ҉̆ ⱴѿ ̆ ѿ ̆Һ ℗ ̔ 

 

2 4 6 2 2

1 2 3 1 2

2 4 6 2 2

1 2 3 2 1

( ) ( 2 )

( ) ( 2 )

dx x k r k r k r p r x p xy

dy y k r k r k r p r y p xy

= + + + + +

= + + + + +
              2.54 



 
 

Ҭ̆ 

 
0 0

2 2 2

;x x x y y y

r x y

¡ ¡= - = -

= +
 

ῒҬ(xǋ, yǋ)ҹἝ ṿ̆kiҹ ̆piҹ℗ ̆dx = (dx, 

dy) ⱴ Ȃ ₃ᵥ Ἕ ץ̂ ҹᶛ̃ҹ̔ 

 

X
x dx f

Z

Y
y dy f

Z

- =-

- =-

                             2.55 

2.55 6ҩ ᵝᾝ ̆3ҩῤ ᵝᾝ ̆ 5ҩ ̆῍ 14ҩ Ȃ

≠ 7ҩ҉ץ └ ̆ ԋӗ Ȃ ԍῤȁ ᵝᾝ ȁ ӊ

῏ ֽ̆ Ἕ ᵞȂ Ҭ̆ ᶏ ҩ҉ץ └ ̆

ץ ѿ Ἕ ̆ ᾣ ᵣ ̂ 4.2̃Ȃ 2.55Ҭ

ѿ Ἕ ̆ Ҍ ῀ ῤ ̆ ⱴԅ6ҩ ᵝᾝ Ȃ 

2.55 ⱴ Ӟ Ȃ ԍ ῃ ̆

ԅ ̆ ⌠ῃ Ҭ ᵝᾝ Ȃ 

  



 
 

ȍ ӟ Ȏ 

1. Ẋ ̔ ҉ ҈ ᴰ ̆ ȁ GPS̕ ң ᵝ

ȂἝ ҉ ѿ └ ῒ̆ ҊȂ ᵰ ҹ ῒ ῏

̆ Ἕ ₃ᵥ῏ Ȃ 

2. ᵰ ҉ Ȃ ҉ ↕ ̆ᵬҹ └ Ȃ 2.54

ῤ ᵝᾝ Ȃᵰ ץ ѿ Ἕ̆ 1.3.2ԋӗ ̆

№ Ȃ 

3. ѿ֓ ̂ Cannỹ Ἕ҉ ȂῬ ѿ ̂

Hough Ȃ̃Ẋ Ἕῤȁ ᵝᾝ ̆ ᵥ∞ ֓ ԍ

̙ 

4. RFMѿ ԍ Ἕ Ἕ₃ᵥȂ Ἕ

̆ RFM̙ᵰ ̙ 

5. Ṣꜛ360ÁἝ ᴨל ῃ̆ ꜚ Ҭ ⌠ Ȃ ̆

ԍ└ └̆ ῃ ҩ Ȃ ̔

5ҩ ῃ ̆ ᵥ Ḡ ̙ 

6. 2.53Ȃ 

  



 
 

3 ᵣ₃ᵥ 

׆ ⌠ ̆ ₃ᵥ Ȃ ῏ ̆ ң Ἕ

ҕ Ȃ ҩ ᵬľ Ŀ Ȃ № ̂ Ἕ

ᵝᾝ ̃̆ ԅ Ҭ ᵝᴋⱵ̂Ғҙ ⱴ ̃̕ ҩ ̆

ԅ 3D Ȃ ᾢ׃ ᵣἝ ₃ᵥ῏ ̆ ₃ᵥ̕

₃ᵥ῏ ̆ 3D Ȃ ̆ Ҍ ױ

҉̙ ̙ҹԅ ̆ ѿҩ҈ ᵌ Ӟ̆ ѿҩ

Ȃ ׃ ᵥ ╠ ֜ᴪ̆׆ ᵣ ⌠ Ȃ

҈ ₃ᵥ ῤ Ӟᵬҹ ѿ ׃ Ȃ 

 

3.1 ₃ᵥ 

 

3.1 ₃ᵥ 

₃ᵥ̆ ₃ᵥ̂epipolar geometrỹ̆ ᵣἝ ῤ ₃ᵥ῏ Ȃ ᵣἝ

̆ Ҍ ȁ ῍ ң Ἕ Ȃ ₃ᵥ ԍ ̆ ‗

ԍἝ ᵝ ῤ ᵝᾝ Ȃ 3.1̆ҕ X ₮ ң ᾣ ̆№≢

ңҩ Ҭ ̆ ҍ Ҭ CC'̂ ᵬ ̃῍ ̆ ᵬҹ ̕ ҍἝ

֜ ֜ ҹ ̆ ҍἝ ֜ ҹ ̂ Ȃ̃Ҋ Ҭ ₃ᵥ

῏ Ȃ 

ֽ ң Ἕ ᵝ ̆Ҍ פ Ἕ Ҭ C1 = 0ȁ R1 = 

Ĭ ῤ ᵝ ҹK1̆ ҹP1=K1[I | 0]̕ ҹP2=K2[R | T]Ȃ 

ᾢ׆Ἕ x' x = K-1x'ȂxӞ ҹ ѿ ̆ ҹ ῤ K

ᴇԍ ᵝ ̕ ̆K-1P = [R | T] ᵬ ѿ ̆ ԅῤ ᵝᾝ ̆

▼̂ ̃ ȂῬ ⌠ C2 ï C1 = T̆ Ἕ

Ҋ̆ ҈ ῍ ̆҈ ҹ 0̔  

 
1 1

1 2 1 2( , , ) ( , , ) 0- -- = - =x R x R T Rx x T                    3.1 



 
 

⌠̔ 

 2 1 2 1 2 1( ) ([ ] ) 0³Ö ³ = = =x T Rx x T R x x Ex                   3.2 

[]Ĭף ̆ ӈ 1.10ȂE essential̆ ᵬ ̕ ѿҩ

Ԏ ̆ ῃ ԅ ᵣἝ ₃ᵥᵝ ῏ Ȃ 

Ῥ׃ ₃ᵥ ѿ Ȃפɚ1x1ף ᾣ ҉ᴋ ѿ ̆ ῒ

Ҋ̆↕ ̔ 

 2 2 2 1 1l l= = +x P R x T                            3.3 

ҬP2 Ҋ ȂṢꜛ ̔ 

2 2 1 1[ ] [ ]l l³ ³=T x T Rx                              3.4 

 ӗx2̆ ⌠̔ 

T T

1 2 1 2 2 2([ ] ) [ ] 0l l³ ³= =x T R x x T x                       3.5 

ɚ1 ⌠ 3.2Ȃ ᵬľ ĿȂ ҹ ױ ׆ Ἕ

ᾣ ҉ᴋ ѿҩ ₮ ̆ ῒ Ἕ Ȃᴋ ɚ1 Ҍ ҕ

̂ Ӟ ῤ Ȃ̃ 

3.1₮̆ ԍ ҉ᴋ ѿἝ x1̆ ɚ1x1ҍ ̆ ֜ԍ

l2̆ l2҉ ᴋ ѿ ̆ ₃ᵥ῏ 3.2̆Ҍֽֽ x1 x2Ȃ

̆ ₃ᵥ ҉ Ἕ ҍ ӊ ̆ ҍ ӊ ₃ᵥ῏ ̆

1 2­x l ̆ ѿ ̂singular correlatioñ̆ E‗ ̆ ̔ 

2 1 2 2

2 1

0= =

Ý =

x Ex x l

l Ex
                             3.6 

̆ ҉ᴋ ѿ ҹ̔ 

T

1 2=l E x                                 3.7 

ԍ Tҍ R ‗ ̆῍ 6ҩ ȂԊ ҉̆

ԍң Ἕ ᵝ ῏ ̆Ἕ ̆ 5Ȃ

Ạ X tx ҹ1Ȃ▼Ҋ 5ҩ {ty, tz, ű, ɤ, ə} ҹ

ᾝ ȂD ѿ ׃ ᾝ Ҍ̕ ҉

̆ ԍ ѿ Ȃᶛ ̆ ԍ ᾝ ף ԍ ̆ ғ̆

Ώ₮ lĭ ῍׆ ᴆ Ῥ Ȃ ԍ ↕ ԅ̔Ἕ

ҍ ӗ Ȃ׆ ҉Ӟ ԋ̔ Ḃ

ӥΏȂ 

҉ץ Ẋ ῤ ̆p Ҭ Ȃ Ԋᾢ ̆

K ᵬ ̆ ₮ ₃ᵥ Ȃ x = K-1x'3.2῀ף⌠̔ 



 
 

1 1 1 1

2 2 1 1 2 2 1 1 2 1( ) 0- - - -= = =K x EK x x K EK x x Fx                3.8 

F fundamentalΏ̆ ᵬ Ȃң ᴋ ᵣἝ ̆ Ἕ ѿ

№̆ ₃ᵥ῏ F‗ ȂҌ ̆ ҩ ̆Ӟ ҹ ₃ᵥ

ⱬ̆ ̆ Ἕ Ҭ ԅѿҩ Ȃ 

ѿ ̆ Ӟױ ̔ 

1 2

T

2 1

l

l

=ë
ì
=í

Fx

F x
                              3.9 

Ҋ Ȃ ԍ ̆ ң Ȃ ѿ

E={e1,é,e9} 9ҩᾝ ̆ ԍ ̂ ̃Ҍ ̆ e9 = 1̆פ

3.2↓ 1ҩ ̆ Ṣꜛ8 ҉ץ ̆ ԋӗ SVD₮EȂ 

ḂȂp Ṝ ױ ℗ ԍ Ȃ׆E

Ҭ Ẓ T R ̆ᵖ ҉ ̆ ӈ Ȃ ԋ

ԋӗȂ 5ҩ ᾝ {tx, ty, ű, ɤ, ə} ᵬ 3.2̆⌠῀ף̆

≠ 5 ҉ץ Ȃң ᴨ̆ל ΐᵣ Ȃ 

Ҍ ̆ ԍ F̆ ԍῤ ᵝᾝ Ӟ ῒῤ̆ῤ ᵝᾝ ҍ ᾝ

№̆ Ώ 5 + 3 Ȃ ≠ 8 ҉ץ ̆

3.8Ȃ ҩ ᵬľ ĿȂ DLT 2D Ἕӊ ̕

ԋ Ҭ׃ DLT 2Dҍ3Dӊ Ȃ 

₃ᵥ̆ Ҭ ᵬ

Ȃ ѿҩ Ȃ ҹ ᵝԍ ҉̆ ԅ

̆ ץ Ώ₮ ̆ ԋ ⌠ѿ ҉Ȃ ױ 5.3

׃ Ȃ 

ԋҩ └ᵬ ᵣἝ Ȃ ᵣἝ └ᵬDEM ╠ ֟ ̆ Ӟ

≠ԍֲ ∞ Ȃ №ῤ 3.5.1Ҭ׃ Ȃ 

҈̆ 3D Ȃ ץ ҩ3D Ҭ ȁ ȁ

₃ᵥ Ӟ̕ ̂ 3.5.2 ̃̆ Ἕ ᵝ ̆ ȁ ȁ

₃ᵥ Ȃ 

 

3.2  

ҍ ≢ ԍ ҩ Ҭ Ȃ Ḃ ҈̆ ῍

ᶭ ̆ Ӟᶭ ̆ 3.2ɰ ȂҌ ⌠̆

ᵝᾝ ̆ ╠ ᵝᾝ ̆ ҈ ῍ ֽֽ ╠ Ȃ

3.2ᵬѿ ḱ ̔ 

2 1 2 1([ ] ) 0j j j³ = =x T R x x E x                       3.10 

 Ҋ j Ἕ x2 Ȃ ̆ ױ 3.10Ώ 3.6



 
 

̆ ᵝᾝ ‗ ̆ ҌῬ Ȃ ҹѿ ↓ Ej

ӈҌ ̕ҹ ⌠ ΐ₃ᵥ ӈ ῏ ̆ ׆ 3.3 ̆ ̔ 

 
2 1 1

2

1
( )j jl

l
= +x R x T                             3.11 

⌠x1 ſ x2 ſ 0̆ 3.11 ѿ X ץ ҈ Z ̆ ⌠̔ 

 
1

1 3 1( )

jz jx

j j

t t

f
l

-
=

+R R x
                            3.12 

 ῒҬRj1ȁRj3№≢ Rj ѿ ҈ ȂῬ ԋ y ץ ҈ ̆

⌠̔ 

 
1 1 1

2

1 3 1

j jx

j jz

t
y f

t

l

l

+
=-

+

R x

R x
                           3.13 

ᵝᾝ ҌῬ [I | 0]̆ [Ri| Ti]̆ ῒҬiף Ἕ x1 ̆

Ӈ ̔ 

T

1 1 1

2 T

1 3 1

j i jx ix

j i jz iz

t t
y f

t t

l

l

+ -
=-

+ -

R R x

R R x
                       3.14 

׆ 3.14̆ ҌᵖҌῬ ̆ ҉ ѿ ↓ ˻ ⌠

’̂ ≢ ҉̃̆ ᵝᾝ ̆ ҩ ᵬѿ

̕ Ҍ Ἕ̆ץ ᵣ Ἕ  ̂ ᵣ ᵣ̃̆

Ȃ 2~4 ̆ Ӟ Ȃѿҩ ᶛ

Ȃ 2.12Ҭ ԋ ̆ Ẋ ᾝ Ҍ ῀ף̆ 3.13̆ ⌠

ѿ a1x2 + a2x2y2 + a3y2 + a4 = 0 Ȃ ԍ ̆ ̆ ↓

Ἕ Ȃ ̆ № ̆ ѿҩ

‗ Ȃ 

ṛ RFMᵬҹ Ἕ ̆ Ӟ ץ ԍ RFM Ȃ

ץ RFM ̆ ⌠ Ἕ Ȃѿ ̆ Ἕ ῤӞ ѿ

ԍ Ȃ ⌠Ҥ Ἕ ̆ ԍRFM ⌠ԅ

Ȃ 

̔ ֓ ҹ῍ ᴆҍ Ҍ Ȃ Ҍ ң̆

₃ᵥ ӈ҉ ῃ ᴇ̆ Ȃ Ҭ̆ ױ

̆ ╠̂ Ẋ ̃ ᵝᾝ ҹῒ ᵝᾝ Ȃ 

 

3.3 ῃ  

ѿ №ȂҌ ѿ ῃץ̆ Ἕҹᶛ̆׃ Ȃ῍

ᴆᶭ ԍῃ ᵣἝ ҬȂ 3.2Ҭ ԅ ԍ Ἕ ῍ ῏ ̆

Ҭ S Sǋȁῃ Ἕ u uǋȁ P ῍ ᴆȂ ҹT = [Tx Ty Tz]T̆



 
 

Rҹ ᵣἝ ̆ᾣ Suҹx1 = [x1 y1 z1]Tȁᾣ Sǋuǋҹx2 = [x2 y2 z2]T̆ ҈

῍ ₃ᵥ῏ ̔ 

2 1 2 1([ ] ) 0³ = =x T R x x Ex                          3.15 

ῃ ҍ 3.2 ῃ ̆ ѿ ≢ Ἕ ᵝԍ ҉Ȃ

Ҭ̆x1 = [x1 y1 f] T l ף ѿ ̕ x = [x y z] T ԅѿҩ Z ̆

l ף ԋ Ȃ Ώᵬ̔ 

2 2 2 0 0ax by cz+ + + =
                         

 3.16 

ῒҬ aȁbȁcȁd a̔ = Tyz1 - Tzy1 b̆ = Tzx1 - Txz1 c̆ = Txy1-Tyx1̆

d = 0ȂҌ ̆ ⌠Ἕ ҉̆ῃ Ԋ ҉ 3.16 2.37 ⌠ ȁ

ѿ ̆ ׅ ῒҹ Ȃ 

₃ᵥ↕ Ȃ t1̆t2№≢ ῃ SȁSǋҍ

CȁCǋẒ ̆Ԋ ҉ ҩ i Ẓ Ҍ ̆ ҹӥΏ Ḃ i Ȃ

Ἕ ᾣ ҉ᴋѿ ҹ̔P1 = t1 + ɚ1(x1 - t1) = t1 + ɚ1x1ǋ̆ Ҭ ҹ RP1 

+ T̕ ̆ ᾣ ҉ ᴋ ѿ ҹ̔P2 = t2 + ɚ2(x2 - t2) = t2 + ɚ2x2ǋȂ CCǋ

ҹ T̔c = t2 + ɚ3(-T + Rt1 - t2)Ȃ ᶏ ≠ ҈ ῍ ̆

Ṣꜛ Ȃ ɚ1ȁɚ2ᶏ P1 = P2̆ ̔ 

t2 + ɚ2x2ǋ = RP1 + T = ɚ1Rx1ǋ + T + Rt1                  3.17 

ꜚ Ҭ̆ѿ T m t1 cm ̆Ẋ T >> Rt1̆ ѿ

̆ 

[T]×(t2 + ɚ2x2ǋ) å [T]×(ɚ1Rx1ǋ + T) = [T]×(ɚ1Rx1ǋ)               3.18 

ӗ x2ǋ̆ ѿ ⌠̔ 

ɚ1x2ǋ([T]×R)x1ǋ = x2ǋ[T]×t2                         3.19 

3.18 ῃ ₃ᵥ Ȃ ԍẒ t2 ̆ E 

= [T]×R ῍ ҌῬҹ 0̆ ѿҩ ɚx2ǋ[T]×t2Ȃ ԍ ṿҍ

Ἕ Ẓ ῏̆ ≢ Ẓ ̆ ̂ ѿῃ Ҋ ̃

Ἕ ̆ғ ӞҌ Ȃҍ Ἕ ᵌ̆

ῃ Һ ӊѿȂῒ ⁞ ҍῃ Ẓ ̆

Ḡ 3.18 ᶷ ᵌҹ 0Ȃ 

ᴏ ҍ ῏ ̆ ῤ ̂ Ἕ ⌠

̆ 2.34ҍ 2.35̃ ῀ף 3.16 ̔ 

 
2 2

sin( ) cos( ) arctan( ) 0p p pa x b x c y
w w h

p p p
+ - =           3.20 

Ҭ (̆xp, yp)ҹἝ (̆w, h)ҹ Ἕ ̆ aȁbȁc 3.16Ȃ ѿ

҈ ₱ ‗ Ȃ 

 



 
 

 

3.2 ῃ Ἕ ῍ ᴆ̂ ̃ҍҤ ῃ Ἕ ῍ ᴆ̂ ̃ 

 

3.4 ҈ ₃ᵥ 

3.4.1 ԓ Ҏ ₉ᵫ 

ԍ ֓ ꜚ ֲ̆ ᵞ Ȃ Ҭ ̆ ԅ ᾣ̆

⌠ ȁ Ẓ ᾣ̕ ҹ ̆ ΐ ҈ ⱬȂ ԍ ̆҈

ᵝ ⱴ‰ Ȃ ױ ̆ ₃ᵥ ᾣ ᵝԍ ѿ ҉̕ᵖ ̆

₃ᵥ ⌠ Ȃ ԅ ҩ ̆ ҉ Ӟ ₃ᵥȂ

ᵖ҈ ₃ᵥ ҈ ᾣ ֜ԍ ѿ ̆ ѿ Ȃ 

ԍ Ἕ ̆ῒ ף ᾝ ̂ ̃̆ ԍ

҈ ̆ ԍ ΐ 3ҩ№ ᵣ̆ ľ҈ Ŀ ֦ Ȃ

҈̆ ҈ Ἕ ῤ ᵝᾝ ‗ ̆ ҈

₃ᵥ῏ Ȃ҈ ҍ Ӟ ≢̔ ⌠ ̆ ҈

⌠ Ȃ ׆ױ Ἕ₮ ̆ ҈ ₃ᵥ῏ Ȃ 

 

3.3 ԍ ҈ ₃ᵥ̂ [10]̃  

3.3̆ ѿ L№≢ ҈ Ἕ ̆ ⌠l1ȁl2ȁl3̆ ҈ ᵬ

Ȃ Ḃ ̆ ῤ ̆ ҈ҩ №≢ҹ̔P1 = [I | 0]ȁP2 = [R2 | t2]ȁ

P3 = [R3 | t3]̆ Ӈ ҩ Ҭ ҍ Ἕ ҉ ̔ 

 



 
 

 
TT

1T T 3 32 2

1 1 1 2 2 2 3

3 32 2

; ;
0

P Pp p p
å õå õå õ

= = = = =æ öæ öæ ö
ç ÷ ç ÷ ç ÷

l R lR l
l l

t lt l
             3.21 

ԍ҈ ῍ ̆ 1́ȁ 2́ȁ 3́҈ ῏̆ Ŭȁɓ̆ ᶏ ̔ 

 1 2 3+p ap bp=                               3.22 

ѿ ̆ 0 = Ŭt2l2 + ɓt3l3̕ ΏҹŬ = kt3l3̆ ɓ = -kt2l2̆ ῒҬkҹ

Ȃף῀╠ң ̆ k̆ ⌠̔ 

T T T T T T T T T T

1 2 2 3 3 3 3 2 2 2 2 3 3 3 3 2 2 2 2 3 3( ) ( ) ( ) ( )a b= + = - = -l R l R l t l R l t l R l l t R l l t R l       3.23 

l1 ҩ№ ̔ 

2 3 2 3

T T T T T T

3 3 2 2 2 3 2 3 3 2 2 3( ) ( ) ( ) ( )
i i i iil R R R R= - = -l t l l t l l t l l t l               3.24 

ῒҬRji j Ἕ i Ȃ ῀ ̔ 

 
T T

2 3 2 3Ti i iR R= -t t                              3.25 

Ti ѿҩ3Ĭ3 Ȃ↕ ҩ ᾝ № Ώᵬ̔ 

T

2 3Ti il =l l                                 3.26 

Ti ҈ҩ№ ᵬ{T1, T 2, T 3}̆ Ӈ̆ 

T

1 2 1 2 3 3[T ,T ,T ]=l l l                             3.27 

Ti ῃ ԅ҈ ₃ᵥҬ ӊ ₃ᵥ῏ Ȃ {T1, T2, T3} Ҍ 3Ĭ9

̆ 3Ĭ3Ĭ3 ᵣȂ {Ti} Ҍ ℗̆ ҉ Ҥ 3

Ȃ 

3.4.2 Ҏ * 

ѿ ̆ ⱬ Ҭ ̆ᵖ Ҭ Ȃ ӥ ῀

̆ѿ ̆ ᵣ₃ᵥ̆҈ ҈ ₃ᵥ ̕

ᴰ Ҭ̆ ҈Ἕ ᵬľ Ŀ ľᾣ Ŀ̆

ңҩ № ԍľꜚᵬ Ŀ̆ ₃ᵥ Ȃ ѿ ̆҈

╠ Ҭ ⌠ԅ ̆ ᵥ ҈ ῤ ₃ᵥ̆ ῏

̆ ҬӞ ԅȂ 

0 ̆ 1 ̆ 2 ̆ Ӈ 3 Ȃѿҩ

ץ ᵬ3Ĭ3Ĭ3ᾝ ᵣȂҹ ᵣῤ 27ҩᾝ ̆ΐ 2ҩ M = 

{mij} Ҍ Ȃ ⱴ῀ѿҩ ҈ҩ ̔T = { Tijk }̆ ᵬҹ

҈ Ȃ ҉ҍ Ҋ ≢ ȂẊ ѿҩ҈ ҹei (i = 1, 2, 3)̆

H ⌠ԅѿ eiǋȂ ̆ Ὲ ҹ̔x2 = H-1 

x1̕ Ὲ ҹ̔l2 = Hl1Ȃ H ᵬҹľ Ŀ ΏᵬҊ ̆ H-1

ҹľ Ŀ Ώᵬ҉ Ȃ҈ ѿҩ ҍ
jk

it ̆



 
 

҈ ₃ᵥҬΐ ӈȂ 

ҹԅ ̆ ԋȁ҈ №≢ P1=[
i

ja ]ȁP2=[
i

jb ]̆ i = 1, 2, 

ף3 ̆ j = 1, 2, 3, 4ף ↓Ȃ ѿ ׅ P0=[I|0]Ȃ ̆

̂№≢ ̃ ҹx = (x1, x2, x3)ȁl = (l1, l2, l3)Ȃ 3.25̆҈

ԍ 

4 4

jk j k j k

i i it a b a b= -                            3.28 

҈ Ώ3.26̆,ԋȁ҈ Ἕ ѿ Ἕ ̔ 

T T T

1 2 3 2 3 2 3

, ,

jk jk jk

i j k i j i k j i k

j k j k

l l l t l t l l t l= = =ä ä                  3.29 

lij i Ἕ ҉ jҩ № ̆i = 1, 2, 3̆j = 1, 2, 3Ȃ Ώ ̆

̆ jȁk ̆ᵖ Ҍ Ȃ3.28₮̆҈׆

Ἕ ₃ᵥ῏ ῃ ‗ ̆ ҍ ῃѿ Ȃ 

Ԋ ҉̆ ԅ ӊ ̆ ױ ⱴ῏ ӊ Ȃ ֽ

⌠ ̆҈ Ӟ ץ + ⌠ ῏ ̆ ѿ ⌠ ҈ҩ

҉Ȃ ₃ᵥ῏ ᵌ̆Ṣꜛ ȁ ȁ ӊ ₃ᵥ῏ ̆ ⌠̔ 

 1 2 3[ ] [ ] 0i jk

ix t³ ³ =x x                             3.30 

3.30Ҭ ԅ jȁk Ȃ ׅ Ti ̆ ̔ 

2 1 3[ ] ( T )[ ] 0i

i

i

x³ ³=äx x                           3.31 

̆ ӊ ̆ ӊ ҈̆ ₃ᵥ῏ ҈

‗ Ȃ 3.28⌠ ̆ Ӈ ̂ ҈ҩ̃ Ȃ

Ҭ ҩҒ Ạ ̂point transfer̃̆ ┬⌠ Ἕ ҉Ȃ

ᵝ ̆ 3.30 ḂԅȂ 2012 ̆Ҭ ԅ

҈ ȁ № ↓ ΐ ҈ ᾣ Ἕ ⱬ № ȂԊᾢ Ҥ ҈

̆ῒ P0 ȁP1 ȁP2 ̆ ҈ ̕ҹ Ἕ ȁ

ᵣἝ ȁ҈ ᶫԅ ∆ ᴆȂ 

ԍᴋ ҈ ᵣἝ ̆ ҈ ̕p ѿ

̆ 3.293.30 Ȃ
jk

it Ҭ 27ҩᾝ ̆ ᵬ ̂ ԅѿҩ

ῃ ̃̆ ↓₮ 26ҩ҉ץ ̆ ȂԊ ҉̆27ҩᾝ Ҭ̆

12ҩ ̂ ң Ἕ ᵝᾝ ̃̆ Ӟ ԍ῏₮↓ץ 12ҩ ̆

ԋӗ ף Ȃ ȁ ╠ Ҋ̆ ṿ Ȃ 

ѿᴆ ΐ̆ ף ȂC++

mĬnĬk ӈ̆Matlab ᴆӞ Ȃ 

 

3.5 ₃ᵥ ѿ֓ ᾟ 



 
 

3.5.1 ᵩἥ  

ᵣἝ Ҭ Ҭ ֟ ̆ ҉ ⌠ ң Ἕ Ȃ

Ἕ ҹ ѿ ľ ĿἝ ̆ Ḡ ѿѿ ̆҉

Ҋ ҹ0Ȃ ᵣἝ ԍֲ ∞ ̂ ̃̆ ץ ѿ Ἕ ȁ

Ȃ 

 

3.4 ᵣἝ ̂ ώмтϐ̃  

3.4̆ ᵣἝ Ἕ ҹ 1́ 2́̆ ⌠ ѿ Ἕ ǋ́҉̆ ҍ

OOǋ ̆ Ḡ ᴋ P l1ҍl2β ԍ ǋ́ ѿ ̆ ҉Ҋ Ȃ

̂ ̃̆ 2ҩ Ȃѿҩ ǋ́ҍ OOǋ ̆

Ἕҍ Ἕӊ Ȃ ̆ ᵣἝ № Ȃ ̆

ҹԅ Ἕ ѿ ̆ ץ Ȃ ԋҩ ǋ́ ̂ҍ

OOǋ ̃ Ȃ ᵰ ѿ ľ Ŀ ľḲᴀ Ŀ Ȃ

̆ Һᾣ ȁ Һᾣ ṿҹ Ȃ 

ԅ ǋ́̆ ᾝ ̆ Ἕ ȁ ⌠

Ἕ҉Ȃ ̆ p1 p2 p1' p2'Ȃ ױ №≢ (x1, y1)ҍ(x2, y2)̆

↕ ҹd = x2 - x1Ȃ ҹ B̆ Ӈ P Ἕ ҉ ҹ̔

Z = -B/dȂ ≢ ̆ Ἕ Ҋ̆P ҈ ҹ̔ 

XP = -(B/d)x1                              3.32 

ῒҬx1 = (x1, y1, 1) Ȃ ̆ d̆ 3.32 ᵣ

Ἕ ҈ Ȃ 

ᵬ└҉ץ ᵣἝ ԍ ῃ Ȃp ̔

ᵣἝ Ҍ ѿȂᶛ ̔ ҍ ᴆȂ ̆Ḡ

̆ Ἕ ѿѿ ̂ ӟ 2̃Ȃ 

 

3.5.2 ᵩ  

₃ᵥ Ἕ ᵝ ῏ Ȃ׆ ᵣ ⌠ ̆



 
 

Ҭ ѿ ᵬȂ ҩ Ṣꜛΐ └ ̂ground control points, 

GCP̃ Ȃᵖ ᾢ̆ ױ ѿҩ ̆ GCP ᵣ ҍ

ӊ ѿѿ ῏ Ȃ ѿ῏ Ạ ̂absolute orientatioñ̆ ױ

⌠ ҈ ᵌ ̂3D similarity transformationȂ̃ 

Ἕ ᵣ ̆ ̆ ᾝ ̆ ҈ ȁ

ᵣ 3D Ȃ ҉ѿ ̆ ׃ױ ԅ ᵥ ᵣἝ ҉̆

d P Ȃ ᵣἝ ҉ 3D ̆ ҈ Ҭ

╠ ֜ᴪ̆ 3.5.3Ȃ 

҈ ᵌ ȁ ̆῍ 7ҩ Ȃ ̆ᴰ

Ҍ ҍ ӊ ѿ ҈ ᵌ Ȃ ѿҩ

ȂԊ ҉̆҈ ᵌ Ҍѿ ̆ № ң ’ Ȃ

ѿ ̆ K Ȃ ҈ ᵌ Ώᵬ̔ 

 
T0

S
l

è ø
=é ù
ê ú

R t
H                                 3.33 

ῒҬRȁtȁɚ№≢ ȁ Ȃ X Ἕ ⌠x1 x2̆

№≢ҹP1̆ P2̆ ғP1 = K1[R1|T1]̆ X ѿ ҈ ᵌ ̆ HSX̆

ᵬ ̆ P1HS-1̂ ≢ Ȃ̃ x̆1 = P1X = (P1HS-

1)( HSX)Ȃ ҈ ᵌ ᶭ ₃ᵥȂ P1HS-1 ⌠̔ 

 
1 1 1

1 1 1 1 1 1 1[ | ] [ | ]S S

- - - ¡= =P H K R T H K R R T                     3.34 

3.34 ̆ ᵬѿ ҈ ᵌ Ҍᴪ ⌠ῤ ᵝᾝ Ȃ K

ᴆҊ̆҈ ᵌ ᵣ ⌠ ӊ Ȃ 

ԋ ῏ԍ Ȃ ԍῤ ᵝᾝ ѿ ̆ Ӈ ױ K׆

Ҭ № ̆ ҍ ӊ ѿҩ15

H4Ĭ4ȂӞ ̆ ԍ ᵣἝ ̆ ᶏ Ạ ӊ ̆

ᶭ 3D Ȃ ѿ ̔ѿ ̆

ᵣἝ ҉ҌῬ Ȃ ᴏ ᵌ ̆

҉ Ȃ 

15 H 7 HS ᶭ └ ṿ↓₮

ԋӗ ̆ ҌῬ Ȃ 

3.5.3 ╦ ֢ᴰ ᵩ  

ᴋⱵ ҩ҈ Ҭ ῐ ȁ ȁ Ȃ

ᵣ҈ ̆ ᵬ╠ ֜ᴪȂ ῃѿ ̆ Ҍ

└ ⱳ Ȃף Ἕ Ἕ ҹx1ȁx2̆ 3D ҹ X̆

ҹP1̆ P2̆ ↕̆ 

 1 1 1 2 2 2l l= =X P x P x   



 
 

Ҭ ңҩ ᶛ ̆p ₮3ҩ↓ץ ̕ ԋӗ SVD

Ȃ╠ ֜ᴪ ̆ᵖ ֓֜ᴪ₮ 3D ̆ ԍ ̆ Ҍѿ

ᵣ [10]Ȃ 

a. ᵣ Ȃ Ώ P = K[R|T]Ȃ RȁT ᵣἝ

̆ ғK ̆ Ӈ̆ ╠ ֜ᴪ ᵣ ̆ Ҋ

ᵣ ȂӞ ̆ҍ Ҋ ⌠ѿҩ Ȃ 

b. ᵌ ᵣ Ȃ ῤ K ̆ ᵣ ҈ ᵌ Ҋ

ᵣ ̆ҍ Ҋ ѿҩ ᵌ Ȃ 

c. ᵣ Ȃ RȁT ᵝᾝ ̆K ̆ Ӈ ᵣ

Ҋ ҈ ̆ ῃ Ȃ 

ᵬҙҬ̆ ̆ Ҋ ᵣ

Һ ̆ ≢ └ ҬȂҌ ̆҈ ᵌ Ҋ ̆Ӟ Ȃ ԍ ҍ

⌠1ҩ ᵌ ̆ ֲ ̆ ץ ȁ Ȃ ̆Ӟ

ᵣ ҉ ױ ῏ ₃ᵥ ̆ ȁ ӊ ҍ ȁ ȁ

Ȃ 

 

  



 
 

ȍ ӟ Ȏ 

ױ .1 ̔ ѿ ᵣἝ ץ F ῒ₃ᵥ῏ Ȃ Ẋ ̔ ѿ

ȁѿ ѿ ᵣ ԅѿҩ ᵣἝ Ȃ ױ ᶭ F ῏

̙ Ҍ ̆ ױ ₃ᵥ῏ Ȃ 

2. № ҙ Ἕ ⌠ 1ҩἝ ῤץ Ȃ ᵰ ᴋ

ѿҩ ᵣἝ ̂ IKONOSZY-3̃ RFM ̆Ӟ ׆ Ҋ

Ȃ ȁRFM̆ ѿҩ ̂ ԍ ̃̆ ᵣ

Ἕ ̕ ѿ ↓ ̆№ Ȃ 

3. r ₃ҩ ̙ῒ ₃ᵥ №≢ ָӇ̙ 

 

  



 
 

4 ꜚ Ἕ ᵝ  

Ҭ̆̓͂ ԍ Ἕ ̆ ҹľᾣ ̂bundle block 

adjustmentĿ̃ ľ Ҭ҈ ̂aerial triangulationĿ̃Ȃ Ҭ̆ ҹ

ľ׆ ꜚ ̂Structure from Motion, SfMĿ̃Ȃ ֲ Ҭ̆ ѿҩ ᵬľ

ᵝҍ ̂Simultaneous Localization and Mapping, SLAM̃Ŀ ҍ Ȃ҈ ӈ

≢̆ᵖ ȂԊ ҈׆̆҉ Ἕ ̆ ׅױ ӊױ ₃ᵥ῏ ľ

Ŀȁľn Ŀ ̆ᵖ ҌῬΐ ӈĺĺ ԍ

̂ ҈ Ӟ ף Ȃ̃ ̆ ҩҤ ₃ᵥ῏

ҹ ̔ ᵥ ⌠ Ἕ ᵝᾝ ץ Ἕ ṿ Ȃ

̆ף ѿҩ ̆ Ạľ Ҭ҈ Ŀ̕ ̆ ľᾣ

ĿȂ ̆ Ȃ ̆ ױ ↓ Ἕ

ꜚ ̆ Ⱶ ӞҌῬ ԍ ̕ ӞҌῬ ԍᾣ

ѿ Ȃ ѿҩ׆ ҉ Ἕ ̔ ׆ױ ꜚ

Ἕ ̂ ꜚ ᶛ̃₮ ̆ҹ Ἕ ȁ ̆

Ҋ ꜚ ᴨ Ȃ ̆ ѿҩ ̆ ₮҈ ῖ ̆№≢ ̔ᾣ

ȁ Ȃ ҈ ף ȁ ֲ ȁ ҍ └

ᵝ ȁ Һ ῖ Ȃ 

4.1 Ҋ ᵝ  

4.1.1 ᾩ  

ԋӗᵀ ᴨ ȁ ȁ ̆ ‗ԅ Ҭ ̆ᵬҹҺ

19ҕ׆ ∆ ׂȂ ҉ҕ Ҋ ̆ ԍ

ԋӗ ᾣ ף ΐף Ȃᾣ

1.60Ҭ ₱ F(x)ΐᵣ ҹ῍ ᴆ ԋӗ Ȃᾣ Һ

̆ ┴ ∆ ᴆ └ ᴆȁ ̆ └ԅ ⱬ Ȃ ̆

╠ץ Ҭ̆ └ Ҥ └ ᴆ̆ Ἕ ȁ └ ̆

ᶏ ץ Ȃ 

ᴰ ѿ ̂ Ἕ̃ ᵬ Ȃᶛ ̆ ᾣ

Ҭ̆ ᾝ fi(x) ԑ ᾣ ̆ ꜚ Ȃ

Ԋ ҉̆ ԍ ̆ ꜚ ⱴ ̆ ԅ ↓Ҭ ҍ ӊ ₃

ᵥ Ȃᶛ ̆ IMU ԅt t + 1┴ ꜚ ̆ ԍ ̆

ῒ Ҍ ̆p ̆ ┴ ↕ ̆ ҩ ṿף

ꜚȂ ꜚ ₃ᵥ ᴆף῀⌠ᾣ ̆ ױ ᵬҹľ

ᴆ ĿȂ Ҭ̆ ꜚ ↕ Ҍ Һ Ȃ 

ԍ҉ץ ̆ ׆ױ ̆ ₮ ̆ Ἕ ᵝ Ȃ

῏ Ҍ ᵣ ̆ ̔ № ̂Ҍ



 
 

ֽֽ № ̃ Ҍ Ḥ ̕ ѿҩ ȁ ꜚ Ἕ

Ȃ ̆ ₮ № ̆ Ȃ ҍ ӊ ≢

ҍ ̆ ꜛԍ ң Ȃ 

4.1.2 ᵣ  

↓Ҋ ᴨᵀ Ҭ̆ ױ ꜚ Ḥ ⅞№ҹң ѿ̔

ᴰ ᵣ ̆ Ἕ ҉ ᾣ Ἕ̆ ῍ ᴆ ̆ ᾣ

̆ ̕ ֓ ṿ ѿ S Ȃ ѿ ̆ ῏ ᴰ ꜚ

̂ ҹodometrỹ̆ ȁIMU ⱴ ̆ ҹᵝ ̆

ꜚ ̆ G Ȃ ┴ ᵝ L̂ [R|T]̆Ἕ ҕ

L ₮ Ȃ̃ҹ Ḃ̆ ҉ t 1:t ┴̕ Ҋ t ╠ ┴̆

Ӈῃ ᵝ ң ᴆҊ̆ᶏ Ҋ↓ ᴆ ⌠ ̔ 

 ( | , )t t tp L S G                                 4.1 

̆ ΐᵣ Ҭ̆ ꜚ ȁ ֲȁ ֲꜛ ̆ ῏

╠ ┴ ̆ ֽ ╠ ᴨ̔ 

( | , )t t

tp L S G                               4.2 

Ҭ 4.1 ᴨ Ȃ 4.1 ΐ ӈ̆ᵖ ̆

ױ ῀ Ẋ ᴆȂ ѿҩẊ ṿ ̆ Ἕ ȁⱴ ȁ

̆ҩᵣ҉ ԑҌ ῏Ȃ ԋ̆Ẋ ꜚ ѿ ̆ ╠

ֽ ҉ѿ ┴ ‗ Ȃ ңҩẊ Ԋ ҉ ̂ᴰ ᾣ

┴ ╠ Ẋ Ȃ̃ ‰↕̆ 4.1ѿ ̔ 

( )( )1 1| , , | ,t t t t t t

tp S L G S p L S Gh - -
                       4.3 

4.3Ҭ̆ɖ ԍ
1 1( | , )t t

tp S S G- -
̆ҹ ѿ ̂ Ҍ Lt̃Ȃ ѿҩ

Ҭ̆ ԍ ṿStҍSt-1 ԑ ̆ ᴆSt-1 ̕ғ ̆ Lt

╠ Ҋ̆ ╠ ┴ St ԍӊ╠ Lt-1̆ 4.3 ѿ ҹ̔ 

 
1( | , ) ( | , )t t t t

t tp S L G p L S Gh -
                         4.4 

4.4Ҭ ԋҩ ‰↕ ̆ ⌠̔ 

      ( ) 1 1 1 1| , ( | , , ) ( | , )t t t t t t t

t t tp S L G p L L S G p L S Gh - - - -
               4.5 

ԋҩ Ҭ̆Lt ҍLt-1 ῏ ҍӊ╠ ῏̕ ҈ҩ Ҭ̆

ԍ ╠ ₃ᵥ Gt Lt-1̕ 4.5ѿ ҹ̔ 

 ( ) 1 1 1 1

1| , ( | , , ) ( | , )t t t t t t

t t t tp S L G p L L S G p L S Gh - - - -

-               4.6 

⌠4.6 ѿҩ Ԋ ҉ t-1 ┴ ῃ ̆ ץ ѿ

Ώᵬ ̔  



 
 

( )( )1

1| , | , ,t t t

t t t t

t

p S L G p L L S Gh -

-Ô                      4.7 

ṿ ҍ ꜚ ѿ Ẋ ᴆҊ̆ 4.7 ↓ Ἕῃ

ᵝ ȁҤ ̆ғ Ҍ ṿ № Ȃ ױ ( )| , t

t tp S L G

ᵬᴰ ̂sensor model̃̆ ᾣ ̆ Ӈ ῍ ᴆ Ȃ ԍLt

̆ ꜚ ץ ̆↕ᴰ ҹ ( )|t tp S L Ȃ ( )1

1| , ,t t

t tp L L S G-

- ᵬ ꜚ

̂motion model̃̆ѿ L̆t-1⌠Lt t ┴ ת ⱴ ѿ ԋ № ̆

Gt ԅ̆ᴰ ṿ St-1ӞҌ ᵬ ̆ ꜚ ץ ѿ

( )1| , tt tp L L G-
Ȃ 4.7Ώ ⱴ ̔ 

            ( )( )1| | , tt t t t

t

p S L p L L Gh -Ô                         4.8 

ң Ẋ ᴆҊ ̆ ꜚ ᴨᵀ ȂҊѿ ᵬ

ᵥ ѿ ᴨ Lt̆ ᶏ 4.8 Ȃ ̆҈ ῖ ̆ ԋӗ ȁ

̆ 4.8 Ȃ῏ԍ׆ ‰↕ ₮ ᵝ ̆ ѿ

[18~20]Ȃ 

 

4.2 ᾣ  

4.2.1   

ᾣ ѿ Ҭ Ἕ Һ Ȃ ԋӗ

̆ ₃ᵥ ῍ ᴆ ̂ 1.38~1.40̃̆ ѿ ╠ ԅ Ἕ

҉ Ἕ ̂ ҹ Ȃ̃ΐᵣ ̆ 1.38 Ἕ ȁ ȁ Ҭ ѿ ᾣ ̕

ױ 1.60Ҭ F(x)ΐᵣ ҹ 1.38̆ ҹľᾣ Ŀ ľᾣ

ĿȂ Ḡ L2҉̆ῒ ̂ Ἕ ῤ ᵝᾝ ̃ᶏ Ἕ

҉ ᾣ ̆ ֜ᴪԍ ̆ 4.1Ȃ 

 

4.1 AȁB ₮ ᾣ Ҥ ֜ 

4.1ѿ Ȃ ׆ױ 4.8₮ ԋӗ Ȃҹԅ ԋ

ӗ ̆ ױ ⱴ῀ ҈ҩẊ ̔ ṿ № Ȃ ҹ ԋӗ



 
 

ⱬȂ ԍѿҩᾣ ̆ ┴t ᴋ iҩ ṿ Ҋ

№ ̔ 

 ( ) ()( ) ()( )
T

11
| ~ exp

2

i i i i i

t t t t t t tp S L S g L R S g L-è ø
- - -é ù
ê ú

               4.9 

ῒҬ̆exp ̆ ()i

tg L ף iҩἝ ῍ ᴆ ṿ̆ ╠

̕
i

tSף Ἕ ṿ R̆t Ȃ ױ ץ

ꜚ ̔u(Lt-1, Gt) DtȂ 4.8 ̆ ⌠̔ 

( ) ( )

( )( ) ( )( )

( )( ) ( )( )

1

T
1

T 1

1 1

log | log | , const.

1

2

1
  , , +const
2

tt t t t

t t

i i i i

t t t t t

t i

t t t t t t t

t

p S L p L L G

S g L R S g L

L u L G D L u L G

-

-

-

- -

- - +

è ø
= - -é ù
ê ú

è ø
+ - -é ù
ê ú

ä ä

ää

ä
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⌠ ̆ L2Ҋ ᴨ Ȃ ԋ ꜚ Ȃ4.10ҹ

ᾣ ̂relative bundle adjustmentȂ̃ ⌠ᾣ ѿ ῃ

̆ t ῏̆ ץ t ȂפἝ ṿ ()i

i

i

t tS Lv g-= ̆V = [v1, 

v2,é,vn]̆ ṿP = R-1̆פ ꜚ ( )1,i t t tc L u L G-= - ̆C = [c1, c2,é,cn]̆ ṿPc =D-1̆

4.10Ώ ῖ ̔ 

 
T Tmin( )cV PV C PC+                            4.11 

Ҍ ᵬ ̆ Ȃ 4.11Ҭ ԋ ̆ ῃ ᾣ

Ȃ҉ץ ԅ̔ ꜚ ᵝ 4.8҉ⱴ῀ľ ṿ №

Ŀ └ ᴆ̆ ⌠ ԋӗ Ȃ 

ҹ Ḃ̆ ׅ 1.32 Ὲ ӥΏ ׃̆ ᾣ ̕

ѿ ̆ᾣ ľ ᴨ ĿȂ ᾣ Ҭ̆ ᾣ

ԅ ᾝfi(y)ȂẊ pҩ ȁqҩἝ ̆ y ң ̆№≢ pҩ

ᵝᾝ ҍqҩ ҕ ̆ ᵬx = [x1, . . . , xp, m1, . . . , mq]̆ xi c̆

6̂ 9̃̆ 6ҩ ᵝᾝ ̂ ⱴ҉3ҩῤ ᵝᾝ ̃̕ mi s = 3Ȃ ԍ

ҍἝ ѿѿ ̆ 1.66Ҭ Hessianѿ ̔ 

 T
( )

B E
H x

E C

è ø
=é ù
ê ú

                             4.12 

ῒҬ̆B ̆ ҉῍ p ̆ ҹcĬc̆ ῒᵩᾝ ҹ 0̂ ҹ

ѿ ᾣ ҉Ҍ ₮ 2 ̃̕ CӞ ̆῍q ̆ sĬs̆ῒᵩ

ᾝ ҹ 0̂ ҹѿ ᾣ ҉Ҍ ₮ 2ҩἝ Ȃ̃E ң ῏ ̆ jἝ

i ҉̆ ӇEiĵ ҹcĬs̃ ṿ̆ ↕ῃҹ0Ȃ 4.2Ҭ̆῍ 5 Ἕ ̆

5ҩἝ ȂἝ ӊ ȁἝ ҍἝ ӊ ῏ ̆ῒ Hessian

ᶷ̆B ҹ5c Ĭ 5c̆ C ҹ5s Ĭ 5sȂᶛ ̔m4Ҍ₮ x5

Ἕ ҉̆ ҹ ̂ ̃̕ m3 ₮ x3҉̆ ᾝ ̂



 
 

̃̕ x1ҍx5 m5 Ἕ̆ Ȃ 

 

4.2 Hessian  

Ώҹ̔ 

 
T

B E x v

E C m w

Dè øè ø è ø
=é ùé ù é ù

Dê úê ú ê ú
                          4.13 

ῒҬ -g = [v w]Ȃ ᾝ ȹm̆ ⌠̔ 

 
1 T 1[ ]B EC E x v EC w- -- D = -                       4.14 

ȹm ԋ ῒ̆ѿ Ἕ ѿ ԍἝ ̆ ӏԍױ

̕ῒԋ C ̆ 3Ĭ3 6Ĭ6̂ 9Ĭ9̃ Ȃ

ѿ Ҭ Ạ ̆ Ҭ Ạ Schur 

ComplementȂ № ᾝ̆ (pc + qs) Ĭ(pc + qs) ̆ ⁞⌠

▼pcĬpc̆ ԅѿ ῤ Ȃ 4.14₮ȹx Ῥ̆  4.13₮ȹmȂף

x1 x2
x3

x4x5

x1x2x3 x4 x5

x1

x2

x3

x4

x5

 

4.3  

4.14 4.3 ȂҍHessian ̆Ἕ ῏

῏ Ḡ Ҍ ̕ғ̆ ҩ ₮ ң ̂ ̃ Ἕ ҉̆↕Ӟҹ ң ̂

̃Ἕ ԅ῏ ̆ῒ ҌῬҹ 0̆ x1ҍ x5 m5 Ἕ̆ Ȃ 

3D ԅἝ ӊ ̆ѿ Hessian ᾟ ץ 3D ҹ

ᵝȂ c = 6ȁs = 3ҹᶛ̆ץ ᾟ Ȃ 

4.1 ᾟ  

______________________________________________________________________ 

1. nĬn ῤ ̆ 6Ĭ6̆  6nĬ6n̆ nף Ἕ Ȃ 0Ȃ 



 
 

2. ԍᴋѿ3D ̆ Ἕ ҹ D̆ ғiÍD̆ ҳ c = 0Ȃ ԍiἝ

҉ ᾣ fi(y)̔  

2.1 Ẓ Jij(x) = Öjfi(x)̆ Jik(m) = Ökfi(m)Ȃ ̆Ji(x) =[ Ji1(x), . . . , Ji6(x)]פ ѿҩ

2Ĭ6 ̆Ji(m) =[ Ji1(m), . . . , Ji3(m)]̆ ѿҩ2Ĭ3 ̕ 

2.2 Ȃ b = Ji(x)TPJi(x)̆ c += Ji(m)TPJi(m)̆ ei = Ji(x)TPJi(m)̆ b ҩ6Ĭ6

̆ ᾟ i ľ̂ ᾟĿ ̔ ᾝ ṿ҉ ⱴ̃̆ ῒҬPҹ

2Ĭ2 ̆ѿ ҹ ᵝ ľ̕+=Ŀ ⱴ cȂ 

3. ԍᴋ Ἕ ĭ jÍD̔   

3.1 ԑ Ȃ - ei c-1ejT̆ Ӟ ѿҩ6Ĭ6 ̆ ῒ ᾟ ̂i, j̃ Ȃ

i = j Ȃ 

4. 2ȁ3 3D Ȃ 

_______________________________________________________________________ 

҉ץ ᾟ Ạľ ĿȂ ԍ ᾟȂ 

ѿ ̆ Ἕ ̆ ױ 4.1 ᾟ Hessian̆

ץ 4.14Ȃ Ҭ̆ Ἕ̆ ץ № ᵬҙ ̆

⅞№ҹ Ȃp ᴰ ̆

Ἕ ̆ ̆ ꜚ ѿ ҆ Ἕ ̆≠ Internet҉

ҩ ᾣ ⌠ ҆ӊ Ȃ 4.14

ȂῒҬ ΐ Ȃ 

S = B - EC-1ET ѿҩ Ȃ ╠ ̆ jἝ

Ҍ iἝ ҉̆ Ӈ ᾝ ҹ 0̕ ԍ Ἕ ̆ ⌠

Ȃᶛ ̆ ῍ 1000Ἕ ̆ ҩ 3D ₮ 6 Ἕ ҉̆ Ӈ

ԍ99%Ȃ 6000Ĭ6000 ╠ Ҍ ̆p ̆ ױ

0ṿ ԇѿҩ ̆ 1% Ữ Ȃױ Ῥ Cholesky №

ȂMatlabҺ ΐ ғ̆ ҉

פ Ҍ⌠ Ȃ 

̆ ױ Ҍ ȁ≈ ̆ ᴪ S Ҍ ˻ ̆҉

1000Ἕ ̆ ѿ ᵣ̂ ̃ ̆ Ӈ S Ҋ ԅȂ

ԍѿҩ Ҍᴪ ̕ ױ ̆ ῍

̂Conjugate Gradients method, CG̃[21]Ȃ CG ̆ ԅ Ҋ

Ȃ ֓ ҉ ̂ ҉ Cholesky № ̃̆ ľ Ŀ

῏ ᵬҬ Ғҙ ׃ Ȃ 

ᾣ ̆ ң ̂ № ̃ ԋӗ Ȃ

῏ȁῃ ᴨ Ȃҍ ̆ ΐ ̆

Ҍ ̆ Ӟ ┴ ∆ ᴆ └ ᴆȂ 

4.2.2  ᾩ √ẅ 

ԋӗ ∆ṿȂ ԍᾣ ̆ ∆ṿ ̔Ἕ



 
 

ᵝᾝ Ἕ ҈ Ȃ ∆ṿ Ҋ₃ҩץ Ȃ 

̂1̃ Ȃ ԋ ̆ ᵣἝ ӊ ₃ᵥ̆ ₃ᵥ῏ ץ

Ἕ ̂ 5 Ȃ̃ ᾝ {ty, tz, ű, ɤ, ə}̆

ԋ Ἕ ԍ ѿ Ἕ ᵝ Ȃ ̆ ԋ Ἕ ҍ ҈ Ἕ

₃ᵥ̆ ⌠҈ ԍԋ ᵝ ̆ᶭ Ȃ ѿ Ἕ ̆Ώ

̔ 

0 0

1, 1 1 1, 1,

[ | ] [ | ]

[ | ] [ | ( )]i i i i i i i i i i- - - - -

=

= +

R T E 0

R T R R T R T
                 4.15 

ῒҬ[Ri-1,i | Ti-1,i] i-1Ἕ ҍiἝ ӊ ᵝᾝ ̆ T0,1x№ ̆ tx ſ 

1̕ [Ri | Ti]ҹῃ ᵝᾝ ̂ ԍ ѿ Ἕ Ȃ̃׆ ҈ ̆txҌῬҹ 1̆

ԅ ᵣ Ȃ ҩ ̆Ӟ ᵬľ ĿȂ ̆≠ ╠ ֜ᴪ̂

3.5.3̃̆ ῃ ᵝᾝ [Ri | Ti] ⌠Ἕ Ȃ 

̆ Ҭ̆ ԅ ̆ѿ Ȃ ̆

ᴰ ̆ ᴰ Ἕ ᵝᾝ ̆ ҩ ᵝᾝ ̆

ṿ ̆ Ҍ ᴰ Ҋѿ Ȃѿ ̆ Ҍ Ȃ

4.4Ҭ̆ ᵝᾝ Ҍ ̆ ף Ἕ Ҍ

Ȃ 

 

4.4 ҬҌ  

 



 
 

 

4.5 ң ᶛȂ ῤ 70%̆ 30%Ȃ 

̂2-1̃ ̂ Ȃ̃ ↕ ̆ Ἕ ҩ ̆ң

ҩ ̂ѿ ҹ30~60%̃̆ 4.5 Ȃ

̆ ҈ ᵌ ̂ 1.28̃ ₃ᵥ῏ Ȃ҈ ᵌ ῍ 7ҩ ̆

3 ҉ץ ԋӗ Ȃ ᵌ ץ̆ ѿҩ

Ἕ ᵝᾝ ҹ ‰̆ῒז ⌠ ѿ Ȃ ̔ 

1, 1, 1, 1

1, 1 1 1, 1,

[ | ]

[ | ] [ | ( )]

i i i i i i i i

i i i i i i i i i i

l- - - -

- - - - -

=

= +

X R T X

R T R R T R T
                  4.16 

 ɚi-1,i [Ri-1,i | Ti-1,i] i-1 ҍi ӊ ҈ ᵌ Ȃ[Ri | Ti]ҹῃ

ᵝᾝ ̂ ԍ ѿ ̃̆ Xiҹῃ Ȃ i Ἕ ᵝᾝ

4.16Ȃ 

̂2-2̃ Ҍ ↕ ̂ Ȃ̃ ↕ ̆ ױ Ҍ

Ȃ 4.4 ѿ ꜚ Ȃ Ҍױ

̂loop closurẽ̆ Ӈ ᴰ ̆ ᵝᾝ Ҍ ̆

Ἕ ᴪᶏľ∆ṿĿ ӈȂԊ ҉̆ѿ ױ ₮ ̂ѿ Ӟ

Ἕ ̃̆ 500Ἕ ⌠ҍ 100 ̆ Ӈ 500

ḱ ⌠ 100 ̂ ⌠ Ẓ ̃̆ ץ

ᴰ Ȃ 

̂3̃ ̂ Ȃ̃ ѿ GCP̆ ᵝ

ᾝ ̆Ῥ ѿ ҈ ᵌ ̂ ̃̆ ⌠ΐ ӈ

ҬȂ ᾢ̆ ֲ ꜚ ̆ Ἕ ҉ ≢₮GCPᵝ ̆ Ἕ

Ȃ ̆ ᵝᾝ ̆╠ ֜ᴪ₮GCP Ȃ ̆

ӊ ҈ ᵌ ̂ ҈ ̃̆ ̆ ҩ

ҍ3.5.2 Ȃ 

̆ ױ ԅ Ἕ ᵝᾝ Ἕ ҈ ∆ṿ ᴋⱵȂҌ ̆

ᶏ ԋӗ ⌠ ṿ ѿ̆ 4.14Ҭⱴ῀ └ ᴆȂ 

4.2.3  ᾩ ┼ ᴌ 

ᾣ └ ᴆ ң Ȃӊѿ └ ᴆ̆ ̔GCP̆



 
 

GPS̕ӊԋ └ ᴆ̆ ̔ ת ȁ ᾣ ȁץ

ȁ ȁ ₃ᵥ Ȃң № ̆ ת №ҹ

Ȃ ױ ῏ ̔ ᵥ ֓ └ ᴆ̆Ώ ҍᾣ Ȃ 

ᾢ ̔ ῀ᴋᵥ └ ᴆ̆ Ӈ Ἕ ṿ

҉ ᴆ̙ ҩ ᵬ Ȃ Ҭ῍ᶏ ԅn ̆m Ἕ ̆ғ

c = 6ȁῤ s = 3̆ ҩ ҹ̔3Ĭn+ 6ĬmȂ ѿҩ3D ̆ ↓₮2Ĭk

ҩ ̂ 1.39̃̆ ᵖ ῀3ҩ ̕ῒҬ kҹ ̆ 3D Ἕ ₮

Ȃ ԅlҩ3D ̆ ῏ ̔2ĬkĬl > 3Ĭn+ 6Ĭm + 3ĬlȂ 

̆ Ἕ Ἕ ҉ Ȃ № 9 13 ̕Ӟ

18ȁ26 ̆ ҩᵝ ⱴṐȂ ̆ Ἕ ҩ ᶏ

ȁ ꜛԍ ȂҌ ̆ Ἕ Ȃ 

ῒ ̆ ῀ └ ᴆ G̔CPȂGCP ᶭ ῍ ᴆ Ҍ̕ ̆

ṿҍ ᾣ Ҍ ̆ ᵬPGCPȂ ԍ ῀ ̆ ᾟ

̆ ⌠GCP ᾣ ̆ ̂2̃ Ҭ ᵝ P̆ ΏҹPGCP ̆

ῒז Ҍ Ȃ 

Ῥ GPS ṿȂ ῏ GPS ѿ ̔ 

 GPS GPS;= +X Rd T P                             4.17 

ῒҬXGPSף GPS ṿ̕d Ҭ ҍGPS ᵝҬ Ẓ ̆ Ԋᾢ

̕PGCP GPS ṿ ̕RȁTᶭ ᵝᾝ Ȃ d ᵬ ̆ 

4.17 ῀ ̆ 4.17 ̆ Ἕ ̆

ⱴ῀⌠ 4.3 6Ĭ6 ҬȂ 

ҹd ̆ Ӈ̆ ̔ ԅѿ↓

Ȃ̂Ẋ d ҩ ҬḠ Ҍ ғҍ ᵝᾝ ԑ Ȃ̃ ҩ ᾟ

ҹ̔ 

4.2 GPS ṿ ᾟ 

_____________________________________________________________________ 

1. 3.2.1 ̆ ᾟ Ȃ 

2. d̓͂ ԍ i Ἕ ᾥ Ji (d)̕  

3. gi = Ji(y)TPGPSJi(d)̆ di = Ji(d)TPGPSJi(d)̆ ױ №≢ҹ6Ĭ3 3Ĭ3Ȃ 

4.  gi ᾟ i ᵝ ̆ di ᾟ DȂ 

_____________________________________________________________________ 

̆Ῥҽңҩ └ ᴆҊ ᾟȂ 4.6Ҭ῍ 3 Ἕ ̂҈ ̃̆ 4ҩ

̂ ̃̆ ԅ 2ȁ3 ̂ ᾣ ⌠̃̆ ҩ ԍ

x2ȁx3 ῏̆ Ӈ 2ȁ3 ᵝᾝ ‗ ̆ ᾟ

Ҭ̂ Ȃ̃ 



 
 

 

4.6 ᾟ 

ѿҩᶛ ̆ 4.75 Ἕ Ҍ ↕ ȂẊ 5ҩ ѿ

Ῥ ̆ ԅң ӊ ᾝ R1,5 T1,5̆ ↕ ̔ 

5 5 1,5 1 1 1,5 1,5[ | ] [ | ( )]= +R T R R T R T                         4.18 

Ӈ̆ 4.18 ̆ ᾟ⌠ Ҭ̂ 4.7̃Ȃ 

 

4.7 ᾟ 

Ҭ ᴆ̆ ױ ↕ Ẋ̔ ᴆҍ῍ ᴆ

ԑ ȂӞ ̆ ᴆҊ ᾣ Ώ 4.19 ̆ ѿҩ

ⱴ Ȃ ҩ₮ Ȃ 

2 2 2

1 1 2 2 3 3
,

1
min ( ( ) ( ) ( ) )

2x v
P F x P F x P F v+ +                   4.19 

Ҍ ῀ ̆ F2̆ Ӈ ҉ ⱴ῀ ̕

῀ v̆ F3̆ ҉ⱴ҉ ̆ ᶭ ᾝ̆ Ἕ

҈ ̆ ⌠ ᵝᾝ ̆ ⱴ ᾟȂ 

4.2.4  ᾩ  

2.4.4 ױ ԅ ץ̆ ȂԊ ҉̆ ԅ ̆

ҩ Ҭ̆ ῀ ̆ ȁᾣ ȁ

ῃ ץ̕ ῀ѿ֓Ҍ Ȃ ҹ Ҥ

̕ ᵥ̆ ֓ ᴪ Ἕ ṿ҉Ȃ Ạ ̆

̆ ῍ ᴆ Ἕ ṿ ̔ 

x + dx = ɚK[R|T]X                            4.20 

ⱴ₃ᵥ Ạľ ᾣ ĿȂῒҬdx = [dx dy] ҩ

1x

1x
2x

2x

3x

3x

3x
2x

1x

1m

2m

3m
4m

3x
4m

3m

2m

1m

5m

5x
4x

3x
2x1x

1x

1x
2x

2x

5x

5x

3x

4x

4x



 
 

₱ Ȃ ⌠ ⱴ dx ѿҩ ̆ Ҍ ῒ ᵬ ̆ ῒ ⱴ Ȃ

ῒ ҹ ṿȂ ῀̔ 

21
min

2
dx

dx
P dx - L                             4.21 

ҍ῍ ᴆ Ȃ Lҹ0 ̆ Ἕ ṿ ᵝ ̆Pdx̂

ᾝ ̃ ҹ ṿ̆ 10-2~10-3Ȃ 3 Bauer̔ 

 
2

2

2

1

2

1 3

dx b x y b x

dy b xy b y b x

ë = -î
ì
= + +îí

                         4.22 

12 Ebner̔  

 

12

2 2 2 2 2 2

1 2 3 4 5 7

2 2 2 2 2

9 11 2

2 2 2 2 2 2

1 2 3 4 6 8

2 2 2 2 2 2

10

(2 4 / 3) ( 2 / 3) ( 2 / 3)

( 2 / 3) ( 2 / 3)( 2 / 3)

(2 4 / 3) ( 2 / 3) ( 2 / 3)

( 2 / 3) ( 2 / 3)( 2 / 3)

dx b x b y b x b b xy b y b b x y b

b x b y b x b y b

dy b y b x b xy b y b b x b b x b y

b x y b b x b y b

ë = + - - + + - + -
î
+ - + - -î
ì
=- + + - - + - + -î

î+ - + - -í

  4.23 

ңҩ ľ ֜Ŀ ̆ ᾧԅ ῏ ԋӗ Ҍ Ȃ

̆ ֓ ֜ ѿ Ȃ 

҉ҕ ῇ Ӝ ף ̆ ᾣ Ҭ҈

̂ ̃ Ȃ׆ ҉ ̆ ᶭ ԍḤ Ȃ

Ҭ ᴋ̆ᵥ ῀ ⱴ ̆ ҉

Ȃ 

 

4.3  

1960׆ ז₮ ῖ ľ̔ ѿҩ Ŀӊ ̆

⌠ԅ ̆ ≢ ꜚ Ȃ ױ Ἕ ȁ

ȁ ꜚ ץ GPS/IMU ̆

῀ῒҬȂ ᶏ ᶭ ѿ ̆ Ғҙ

Ȃ ԍ ̔ ᵬ № ̆

ľ ̂photogrametric accuracyĿ̃̆ Ḡץ ᵝ Ἕ └ᵬ₮

ῒז ֟ Ȃ ’ ⌠ Ȃҹԅ ꜚ Ἕ ȁҹԅ

ҙ̂Ҍ ̃ Ғ ̂Ҍֽ ȁ̃ץ Ὲᴧ ᵝ ̆

׆ ҉ ץ̆ ᾣ ѿ ῃ ᴨ ȁp Ӟ

Ȃҍ׃ ԋӗ ᵌ̆ ױ ᾢ׃ ̆ ׃

̂Extended Kalman Filtering, EKFȂ̃ 

4.3.1  

ᾢ ѿ Ȃ ԍ ΐ̆ ᴨלȂ

┴ ̆ ᾢ ̕ ̆ Ҭ Ҍ Ȃ



 
 

҉ҕ ȁԓ ̆ף ֲ ⌠ Ҭ̆ᵖѿ

Ȃ ᵬ ̆ ↕ Ȃ ῀ԅңҩ╠

ᴆ̆ ױ ᵝ Ҭ ῀ ңҩ̔ Ẋ ṿ

№ Ȃ ῀ ̆ ╠ ֽ ҉ѿ ┴‗ ̆ Ҍ ӊ╠

┴ Ȃ Ạԅ Ȃ ṿ № ̆ ᶏ ̔ ԍ ╠

┴ ᵀ ̆ ‗ ̂ № ᶭ

№ ̃̕ ╠ ┴ ᵀ ̆↕ № ṿ‗ ȂץҊ Ȃ 

ѿҩꜚ ȁ ̆ ╠ ┴ ᴨ ̂

҉ҍᾣ ᴇ Ȃ̃ᶭ ׆ ᵝ 4.8₮ ̆ Ȃ

4.8Ҭ ңҩ ȁ֜ ᶏ Ȃᾢ ꜚ ( )1| , tt tp L L G-
Ҋѿ ┴

ꜚ ̆ ҩ Ạ ̂predictioñ̕ ̆ ( )|t tp S L ̆

̆ ҹ ̂innovatioñ̕ Ҍ ̆ף ⌠ ╠ ┴ Ȃ

ᾣ ̆ ṿ ׆ № Ȃ 

ΐᵣ ̆ ԍ ̆ ױ ѿҩ └ ̂

ꜚ ̃Ώᵬ̔ 

xt = Axtï1 + Butï1 + w tï1                          4.24 

̂ ᴰ ̃Ώᵬ̔ 

zt = Hxt + vt                                 4.25 

̆xtŗRnҹt ┴ ̆ n ̆A nĬn ̕utŗ

Rl └ ῀ B̆ nĬl ῏ z̕tŗRmҹ ҩ ̆

mĬn H ῏ ҍ ṿ̕wt vt ̆ Ẋ ῒ

ṿҹ0 № ̆ w ~ N(0, Q)̆ v ~ N(0, R)Ȃ ҹAȁBȁHץ Qȁ

R Ȃ 

’Ҋ̆ ṿ x Ҍ ̆ᵖ ꜛԍ ӈ ױ ᵀ

Ȃ ̆ xף ⌠ ṿ̆ Ĕxף ᵀ ṿȂ

Ӈ ᵀ≢№ץ ṿ ᵀ ṿ ̔ 

 
T T( ,( ) ) ( , )t t t t t t tP E x x x x E v v= - - =                      4.26 

T TĔ Ĕ ĔĔ( ,( ) ) ( , )t t t t t t tP E x x x x E v v= - - =                      4.27 

̆ ѿҩ ̆ ᾢ ̂priorĩ ṿ ̂posteriorĩᵀ ṿ

̆ ӊױ ṿ ⱴ ̆ zt - HxtȂ 

 Ĕ ( )t t t t tx x K z Hx= + -                              4.28 

4.28Ҭ K ᵬ ̂gainȂ̃ ѿҩKṿ ᶏ̆ 4.27Ҭ ╠ ┴

Pt Ȃ ץ ԋӗ ̆ K ᵬ ̆ ⌠῀ף4.28 4.27Ҭ̆

4.27 ѿҩԋ ̆ ̂ K̃ ̆ פ ҹ 0̆ ⌠̔ 



 
 

T T 1 T 1( )t t t t t t t t tRK PH H PH PH- -+= = S                       4.29 

4.29 ױ ̔ ̆ѿ ⌠ ̂R = 0̆̃ ⌠K = 

H-1̆ ṿ zt ⌠ ̆ ֞ ῃ ḱ ̕ ӊ̆

̆ ⌠ tP= 0̆ ⌠K = 0̆ ̆ѿ℗ ‗ ȂԊ ҉̆  Htפ

=1̆↕K ԅ ҍ ӊ Ȃ 

ԅ ֓ ̆ ױ ҩ Ȃ ҩ ң

̆ ѿ ף ̆ ᵬ ̕ ԋ ף ̆ ᵬ Ȃ

Ҭ̆ ̆ ╠ѿ ┴ ̆ ⌠ ╠ ┴̔ 

1 1
Ĕ

t t tx Ax Bu- -= +                                4.30 

 
T

1t tP AP A Q-= +                               4.31 

Ҭ̆ ᾢ K̆ ̔ 

T T 1 T 1( )t t t t t t t t tRK PH H PH PH- -+= = S                        4.32 

Ĕ ( )t t t tx x K z Hx= + -                              4.33 

( )t t tP I K H P= -                                 4.34 

4.32ȁ4.33ҍ4.28ȁ429 ῃ ̆ ҹԅ ңҩ

Ȃ 4.34 ᵀ ȂԊ ҉̆Ĕtx ҍ Pt №

̂4.304.31̃ҍ ̂4.25̃ № № ṿ Ȃ4.30׆

4.34̆ ȁ ȁ Ҍ ̆ף ⌠ ╠ ┴ ᴨ Ȃ 

Ҭ ∆ṿ Ȃ ԍ ∆̆ṿ x0

Ԋᾢ ̕ ̆ᵖ Ẋ № Ȃңҩ ̆R Q̆

ΐᵣ Ȃ ԍ R̆ ṿ Ȃɒ ̆ ꜚ Ἕ Ҭ̆

⌠ѿҩ └ ̆ ̂ Ἕ̃ ῍ ᴆ ̆ R ῍ Ȃ

Ḥᴋױ ҩ ̆ ԇ Ȃ ̆R Ȃ ҹ̆ ᶏҌ ҩ

ꜚ Ҭ̆ Ӟױ ̆ᾢ R̆ ғ ץ ҹ Ȃ 

Qף Ȃɒ ̆ ת №

└̆ ӇQ ת ‗ ȂῬ ̆ Ԋᾢ Ἕ ̆

ԅ ᵝ ῏ ̆ ĺĺ ֲ Ҭ ҹ ̂visual odometrỹ̆

Ӈ̆ ̆ ‗ ԅQȂ 

4.3.2  

₮̆ ױ ҽ ῍ ᴆ ᶛ ῒ̆ Ҍ

̆ ӞҌ Ẋ Ȃ ѿ ̆

ѿ ᴨ Ȃ ҹ Ҋץ̆ ΏҹEKFȂ 



 
 

f └̔ 

xt = f(xtï1, utï1, wtï1)                            4.35 

h ̔ 

zt = h(xt, vt)                                4.36 

4.35 4.36 ӈ 4.24 4.25Ȃ Ҭ̆w v ңҩ ṿҹ0

Ȃᵖ ᵀױ ∆ṿ ̆ ץ ᵬҹ0ױ ̔ 

 
1 1
Ĕ( , ,0)

( ,0)

t t t

t t

x f x u

z h x

- -=

=
                             4.37 

ӈᶭ 4.3.1 ̆ tx ף ᾢ ṿ̆Ĕtx ף ᵀ ṿȂ ̆ᴏ

ԋӗ ̆ ̆ יּ ѿ ̔ 

1 1 1
Ĕ Ĕ( )t t t t tx x A x x Ww- - -º + - +                        4.38 

( )t t t t tz z H x x Vvº + - +                          4.39 

xɰ ף ṿ̆AȁWȁHȁV№≢ҹ ᾥ ̔ 

 

, 1 1

, 1 1

,

,

Ĕ( , ,0)

Ĕ( , ,0)

( ,0)

( ,0)

i
i j t t

j

i
i j t t

j

i
i j t

j

i
i j t

j

f
A x u

x

f
W x u

w

h
H x

x

h
V x

v

- -

- -

µ
=
µ

µ
=
µ

µ
=
µ

µ
=
µ

                           4.40 

֓ ῏ ̆ҹӥΏ Ḃ ԅ Ȃᴏ ̆

ױ ⌠ѿҩ ҍᵀ ṿӊ ῏ ̔ 

Ĕ ( )t t t t tx x K z z= + -                              4.41 

tx tz 4.37 ⌠Ȃ 4.27̆῀ף4.41 K̂ 4.32̃̆ᶏ 4.27

Ȃ 

̆ ⌠EKFң ֜ ף Ȃ ᾢ ̔ 

1 1
Ĕ( , ,0)t t tx f x u- -=                                4.42 

T T

1t tP AP A WQW-= +                             4.43 

̔ 

T 1T T T 1( )t t t t t t t t tK PH H PH V PVR H- -+= = S                      4.44 



 
 

Ĕ ( )t t t t tx x K z z= + -                              4.45 

( )t t t tP I K H P= -                                4.46 

֓ ̆ Ԋᾢ

̆ Ẓ Ȃ ̆EKF ҉ ̔ ̆

↕Ҋ ᴨ̆ Ҍ ̂ № ̃Ҋ ᴨȂ ԋӗ̆

ѿҩ ḱ ̆ ѿҩ ⱴ҉ѿҩ Ҍ ף ץ̆ ⌠

Ҋ ᴨȂ ̆ ԍ ԋӗ ̆ ᴪ ԍEKFȂ ᵥ̆

⌠ EKF ᵝȁ ῒ ĺĺ ⌠ ԋӗ Ҥ ∆ṿ

└ ᴆץ Ȃ 

 

4.4 * 

ֲ ᵰѿ֓ ↓ Ἕ̂ⱴ҉ѿ֓ └ ᴆ̃̆ ᵰ Ἕ ᵝ̆ᵰ

ᴪ ᾣ ̕ ң ̆ ҉ ԅ˻ ₮

̔ѿȁ ṿҬ ̂ ̃ ̆ ⌠ᾣ ṿ

№ ̆ ⱬ̕ԋȁ ꜚ ׆ № ̆

EKF ᶏ Ẓ Ȃ ̆ ԅȂ ̆

Ҍ ῏ԍ ṿ № ᴋᵥẊ ̆ Ӟ ᵬ ᵣ№ ѿ №̆ ѿ

̕ ̆ Ӟ № Ȃ ∆̆ ᵬ ף

⁞ץ̆ ̂ ῤ ҍ ṿ Ȃ̃ ̆

̆ᶏῒ Ҭ ⱬ ₮ Ȃ 

ץ Ȃ ҹ̔ ҕ ᾝ̔ ȁ

̂ ᾥ̃ ̆ ԍҌ ̆ῒ ᵝ Ȃ ѿҩ ̔ ᵥ

ҩ ᵝ X ̙ ̆ ᾙ̙ ѿ ̔ľ ᴪץ

ҩ p(x)₮ ҩ ̂ ̃ᵝ ҉Ŀ̆ p(x) ᾥ ₱

‗ Ȃ ⌠ ᵝ ̔ ױ ľ Ŀ Ӟ̆ ѿҩ №

ṿ̕ ױ ᾣ EKFľ ᴨ Ŀ̆ ҉Ӟ № Ҭ ҩľ Ŀ

̂ Ȃ̃ ױ ̔ ̂ ᵝ ̃ ҩ №

̕ Ӈ̆ ҍ ̔ѿ ↓ ̂

ҹ ̃̆ № ᾥ ₱ Ȃ 

4.4.1  

ᵥ ѿҩ Ҭ ̂ ᵝ ̃ № ̙ ҩ№ ̆

Ӈ ̂Monte Carlõ₃Ӎ ѿҩ ‰ Ȃ ѿ ↓ ȁ

ҩ ȁ № ̂ Ӟ № Ȃ̃ ̆ ԍ

ԍ ‗ᴋᵥΐ ӈ ðð ץ ҩ

№ Ȃ ҩ ӈ̆ ױ ҉ №ȂҤ



 
 

ӈ҉ ľ № Ŀ ̆ ױ 4.4.2

Ạѿ Ȃ 

ԅ ̆ ױ ѿҩ ΐ ̆ ѿ Ȃ

ѿҩ ̔ ╠ ֽֽ ҉ѿ ┴ ‗ ̆ ҍῒז

┴ ῏Ȃ ѿҩ῏ԍ ↓ ̆ ױ ðð ꜚ ᵝ̆

ԅ ῏ Ȃ ̆ ױ ⌠ԅ

̂Markov Chain Monte Carlo, MCMC̃ȂMCMC Ȃ 

ᵬѿҩ ᶛ Ȃ5 ѿҩ ̆ ṿ

Ἕ ̆ 5ҩ ᾝ {tx, ty, ű, ɤ, ə}Ȃ ԍ ᾝ

̆Ԋ ҉ ѿҩ ̂Hidden Markov Model, HMMȂ̃Ẋ ѿ Ἕ

̆ ᴰ ̆ ̆ ԋ Ἕ

Ȃ ̆ Ӈ ԋӗ ̆ № ̆

̂QXX̃ ᾝ ̆ № Ȃ ̆ ѿ ↓

ҩ Ȃ 4.8Ҭ̆῍ 12ҩ Ȃ ̂ ̃ ̆

ԋҩ ⌠ ҈ҩ̂ Ҍ ѿҩ̃̆ ץ Ȃ ף̆

₮ Ȃ ᴰ ᵬ Ҋ̆ Ҍ ⱴȂ

ᵌ̔ Ҍ Ȃ 

 

4.8 MCMCҊ ̂ [22]̃  

 

4.4.2 ⅎ  

№ ᶫѿҩ Ȃ ̔Uҹῃ ̆S(U)ҹ

№ ̆s(U)ҹῒ ₱ S(U)Ҭ׆̕ ȁ ԅNҩ uĭ ui ~S(U)̆ פ

ҹwi = f(ui)/s(ui)ȂῒҬ̆f ҩ ₱ ̆ ғ ( )f U dUñ Ȃ Ӈ ץ ӈѿ

ҩ῏ԍf ₱ ̔ 



 
 

 
( )

( )
( )

f X
pf X

f U dU
=

ñ
                           4.47 

× pf (X) = 1Ȃ ̔ 

 
1 ( )

( ) ( ) ( )
( )

i

i

f U
E w s U dU f U dU

N s U
= =ä ñ ñ                 4.48 

Ԋ ҉̆ ԍᴋᵥѿҩץUҹ ₱ ğ ױ ᾣ Ҭ̆

῏ ҩ₱ № ̂ ᴨ Ȃ̃ ľ Ŀ ҩ ӈ҉̆ ץ ̔

g ץ ѿ ↓ ̔ 

 

( ) ( )
( ) ( ) ( )

( )

( ) ( )

( )

pf

i i i i

i i

i i

i i

g U f U dU
E g g U pf U du

f U dU

g u w g u w

E
w w

= =

= º

ñ
ñ

ñ

ä ä

ä ä

               4.49 

̆ ѿҩ i ԍ Ҥ Ȃ ̆ ԍѿҩ

ȁ ₱ g № ̆ ץ ѿ ↓ g(ui) ῒ

Ȃ 

4.4.3  

ԍ ᵝ ԍ҉ҕ Ӝ ף Ȃ׆ ₮̆ ԅ ᵌ

Ғҙ ̔Survival of the fittest̆ Condensation̆ MCMC particle filterinğ Monte Carlo 

Localization̆ Mean field particle filterinğ Ȃ ╠̆ ẁ ԍᶏ particle filterinğ

Monte Carlo ѿҩ Ȃ 

ᶭױ ׆ 4.1 ҩ ӈҊ ᵝ ₮ Ȃ ᾢ

№ 4.1̔  

( | , ) ( ) { , }; 1,2,3...t

t t t i i

t tp L S G Bel L l w i n= º =                   4.50 

li iҩ ̆ ᴰ ̆ ԍ҉ѿ Ҭ g(ui)̕wi

̆ B̕el()ף Ḥ Ȃ ᵝҬ̆ Ҋ ľ̔ ↓Ҋ̆

ҩ ̂ᴰ ץ̃ ₮ ĿȂῬ ⌠ ױ № ̆

ѿ ῒ ̂ ᾣ ̃̕ 4.49 ⌠ ̆ᵬҹ

ľ ᴨ ĿȂ 

№ ̆ ᵝ ׆ 4.1 4.50̆ ׆ nҩ

Ҭ ѿ 1:t ┴ ᴨ ȁ Ȃ

ᵌ̆ ∆ ̆ Ҍ ȁ ף Ȃ 

̂0̃ ∆ Ȃ ӊ╠ᾢף t0 ┴ Ȃҍ Ҍ ̆ Ҍ

∆ ̆ Ӟ Ȃ ∆ ᵝ ̆ ᵝ

̆ № Bel(L0) Ȃ ׆ ҩ № Ҭ Ȃΐᵣ



 
 

̆ ₮ѿ ׆ № ̂ ̃ Ȃ ᾢ x1ҍx2 (1 ,0)׆

№ ̆ ≠№ ₮̆ 

 1 22ln( ) cos(2 )x x xp= - ³                       4.51 

׆4.51 ‰ № N(0, 1)̆ ӇxĬu + ů ᴋ׆ № N(u, ů)Ȃ ֟

x1ҍ x2̆ № Ȃ ᵝ ̆ ᾢ Ḥ ̆ Ẋ ѿҩ

№ ̆ ῤ ṿ Ȃ № ̆ ҌῬ Ȃ

̆ № № ̆ῒ ӊ ҹ1Ȃ 

̂1̃ Ȃ ᾢ̆҉׆ҩ ┴ № Ҭ ̔ -1 1~ ( )i

t tl Bel L- Ȃ ׆ №

Ҭ ׆̆ № Ҭ ⱴ Ȃ nҩ Ҭ̆

̆ ӊ̆ ↕ ⌠Ȃѿ ̔ nҩ ṿ№ ↓

[0, 1] ̆Ῥ֟ 0~1 ̆ ҩ ̆↕ Ȃ mҩ

̆ № ̆ Ȃ ̆ Ҭ n = mȂ 

̆ ꜚ ľ ╠ ┴Ŀ lĭ ( )1~ | , t

i i

t t tl p l l G- Ȃ ᵌԍEKF

Ҭ ̆ ꜚ Ώᵬ₱ f̆ Ӈ ⌠ ( )1, t

i i

t tl f l G-= ȂῬ ⱴ῀

╠ ┴ ľ ┴Ŀ № ̔ 

( )1 1| , ( )t

i

t t tp l l G Bel L- -³                            4.52 

ҩ№ ӊҹľ № Ŀ̆ ҹ ⌠̆ ḱ Ȃ

№ ҍ ױ № ̆ 4.50ҍ҉ ӊ ̔ 

( )
( )

( )
1 1

1 1

| ( | , ) ( )
|

| , ( )

t

t

i i

t t t t t i

t ti

t t t

p s l p l l G Bel L
p s l

p l l G Bel L

h
h

- -

- -

³
=

³
                4.53 

̂2̃ ȂԊ ҉4.53 ̆ ױ ḱ ңҩ№ ӊ Ҍ

Ȃ ԍɖ ̆ ̂ ҹ ̃  ̔׆

( )~ |i i

t t tw p s l                                4.54 

ᶭ EKFᵌ̆ ₱ h ̆↕ ( ), t

i i

t tw h l G= Ȃ 

̂3̃ ѿ Ȃ ױ ⌠ԅt ┴ iҩ ȂẊ mҩ ̆

Ӈ ̂1̃ȁ̂ 2̃ m Ȃ ̆ ѿ ̔ 

1i

t

i

w =ä                                  4.55 

̂4̃ Ȃף ↓Ҍ ̆ ̂1̃ ~̂ 3̃̆ ҩ ץ̆

̆ ⌠ ┴Ȃ 

̂5̃ 4.49 ̆ᵬҹ ᴨ Ȃ 

׆ 4.50 ₮̆ ῃ׆ ᴨ ₮ ̆ ѿ ׆ ╠ ᴨ₮ Ȃ



 
 

Ҋ̆ ῃ ᵝ ᴋⱵȂ ῏ ̆ ԍ

Ҍ № Ẋ ̆ ץ ѿ֓ᴰ ᴋⱵȂ [19] ₮

ԅѿҩ ꜚ ≠ Ἕ ₃ᵥ ᵝ ᶛ ̆ ̂ Ἕҍ

Ἕӊ ̃ 80% ╠ Ҋᶭ ԅ ᵝȂ 

 

4.5 ѿ֓ ᾟ 

ה 4.5.1 ꜠  

ᴰ Ἕ ᵬѿҩ ₃ᵥ ̕ ѿ ׆ ⱴ

ꜚ ₮ ̆ғ ӊҹ׆ ꜚ ̂Structure from Motion, SfM̃ȂԊ ҉̆SfM

ӈ₃Ӎҍ Ἕ ῃѿ ̔ ↓ Ἕ Ἕ ̂ 5 ׃ Ἕ

⌠̃̆ ҍ ȂҺ ̔ᾢ ң Ἕ

̆Ῥ ҈ Ἕ ҈ ̂ Ҭ ᴆ ̃̆

Ἕ ԑ₃ᵥ῏ ̂ ̃̆ ̆ ᾣ Ҍ

ף ̆ ⌠ ᴨ Ȃ ҍ4.2 ׃ ᾣ

Ȃ ̆ Ҭ Ӟ № Ȃ

Ҍ └ ̆ Ἕ ȁ Ҍ Ȃ 

4.5.2 SLAMғVisual SLAM  

SLAM ᵝҍ ̂Simultaneous Localization And Mapping̃ ̆ҍ

Ҭ҈ ȁSfM Ȃ Mappingҍ Ҭ └ ≢̆ ҍ

SfMҬ Structureҹ ̆ѿ Ȃҹᵥ ѿҩ ̙ №

҉ҕ ף90 ̆SLAMѿ ᾣ ᵬҹᴰ Ȃ ԅ ᾣ ֲ

̆ ᵝ ̆Ӟ ԅ ҈ ԐȂ⌠ԅ2000̆ ԍ

Ἕ SLAM̆ Visual SLAM̆ ╠ ҹԅҺ ȂSLAM ΐ

ꜚ ̆ Ȃ ̆ᵬҹ ֲ ̂Robotics̃ ̆

ⱴ ᵣ̂ ᴰ ̃ ╠ ̕ ԅ ҩ Ȃ ̆ῃ

ᾣ ῀⌠ SLAMҬȂ ץ ᵞ ȁץ └

╠ Ҋ ᾣ̆ ᵝ Ȃ2012 ֲ V̔isual SLAM, 

why filter [23]̙  

SLAMҍ SfM Ҭ҈ Ӟ ѿ Ȃ Ἕ ̆ SLAM

Ҭ ԅľ ꜚĿ Ȃ ץ10 Ἕ ⱴ

̆ᵖ Ἕ ᴨ̕ל ԍ ᶏ̆ ᵝ

Ԑ ҹ Ȃ 

Visual SLAM╠ ҹ ꜚ ᵝ № ̆ ℗ ῏̆ ױ

׃ ң ╠ SLAM ̔ORB-SLAMҍLSD-SLAMȂ 

ORB-SLAM ԍľ Ŀ SLAM Ҭ ῖ Ȃ ̆ R̆GB-

D҈ ȂRGB-D ѿᵣ ̆ Ἕ̆ ᾣ Ȃ ҩ



 
 

ORB ̆ ̂ ҍ̃ ῖ̂ 5.4.1

5.4.2̃ȂORBҌἝSIFTSURF ̆ Harris ̆ ΐ

Ҍ ̂῏ԍ ̆ ԓ 5.1 Ȃ̃ORB-SLAM ᴨ

̆ ֓SLAM Ҍΐ Ȃ  

ORB-SLAMҬᶏ ԅ҈ҩҺ ̔ Trackinğ ᾣ

ᴨ ץ̆ ῃ Pose Graphҍᴨ ̆ 4.9 ȂῒҬ̆Tracking

Ἕ ORB ̆ ҍ ῏ Ȃ ⌠

↕ ᵝ̂relocalisationȂ̃ 3D∆ ᵝ ᵀ ᵝ

̆ ȂTracking ѿ ῏ ̆ ῏ ԍ

Ȃ ᾣ ԍ Ȃ ᾢ ῀῏ ̆

̆ Ȃ ᶏ ᾣ ᵀ

3D ҍ ᵝ Ȃ Ῥ ῏ ̆− ᵩ

῏ Ȃ╠ңҩ ῍ ԅ ⱳ Ȃ ҈ҩ ᵣᴨ ̆

№ҹ ңҩ №Ȃ ᾢᶏ ̂ 5.4.1̃ ̆

ῃ Ҭ ῏ ̆ 3D ᵌ Ἕ ῏ Ȃ

̆ ⱴ῀ ᴆ̆ ῃ Ȃ ԍῃ Ҭ ̆

ץ ҩ ᵝᾝ ᴨ ̆ ᴨ ̂graph-based 

optimizatioñ Ȃ 

 

4.9 ORB-SLAMҬ ҈ҩҺ  

LSD-SLAM(Large-Scale Direct Monocular SLAM)SLAM ̆ᵖ

Ӟ ץ ԍ ȂҍORB-SLAMҌ ̆ ԅ Ἕ ̆ ‰↕

Ἕ ֦ ̆ ̕ ̆ Ȃ

ҹ ̂Direct SLAMȂ̃LSD-SLAMΐ ̆ CPU҉

̆ ῒז / SLAM ץ ѿ Ȃ ҹ ԍ



 
 

̆ ᶏ RGB-D ᶏ GPU

Ȃ 

LSD-SLAMӞ№ ҈ҩҺ ̔ Ἕ Trackingȁ ᵀ Depth map 

estimationᴨ Map optimaizationȂTrackingԍ ׆ ⌠ Ἕ

Ȃ ╠ѿ Ἕ ᵬҹ∆ ̆T ₮ ╠῏ Ἕ ӊ ↨ᵣ SE(3)̆

ңץ ἝҬ Ἕ ֦ ҹ ׆̆ ⌠ ╠ ᵝ Ḥ Ȃ

ᵀ Ҭ̆ ᾢ ᵣ ᵀ Ȃ ̆

↕ ̆ ≠ Ἕ Ḥ ḱ ╠ ̆ ѿ Ȃ ̆

̆↕ ╠ ҹ῏ Ȃ ̆ Ἕ Ḥ SE(3)⌠

῏ ҉̕ Ҍ ̆↕ ╠ Ḥ Ȃ ̆ ꜚ

̆Ӟ∆ ῏ ̆ ῏ Ἕ ⌠ ῏ ҉Ȃ ᴨ

ҹԅ ⌠ῃ ᴨ Ἕ ᵝ ץ Ȃ ԍ SLAM ᾧ

̆ ꜚӊ ̆ᴪ֟ Ȃҹԅ ‗ ҩ ̆ ᾢ

῏ ῀⌠ ╠ ҬȂ mapҍ ╠ ̆ ῀ ╠῏

Ȃ ԍ Ẓ ̆ 7 3D ᵌ SIM(3) ң

ӊ Ȃ ╠ ⌠map ᵌ ῏ ̆ ᵌ ̕

֓ ̆ ⌠ ᵌ ₃ SIM(3)Ȃ ᵌ ԍѿ ṿ̆

῀ mapҬ̆ ץ ῏ ҹ ̆ ᴨ ̂ g2oᴨ Ȃ̃ 

 

4.10 LSD-SLAMҬ ҈ҩҺ  

׆ ORB-SLAM LSD-SLAM Ҭ ױ ⌠̆SLAM ╠ Ҭ

ԍ ⱴ ̆ ᵥ ȁ ẫ ̂

̃ Ȃ ᵝ Ҍ ₮ ׃ ̆ ң

Ȃ῏ԍ ױ ԓ ׃ Ȃ҉ץң Ҭ̆ ױ ѿ

׃ ľ ᴨ ĿȂԊ ҉̆ SLAMҬ ⌠ ᴨ ҉ ԋӗ

ѿ ̆ Ṣ ԅ Ȃ 4.2Ҭ̆ ѿҩ Ȃҹ Ḃ



 
 

̆ ױ ῒ ҹ 4.11Ȃ ף ԅľ Ŀ̆ ױ ľ

ĿȂΐᵣ ̆ 4.11Ҭ ң ̆ѿ ᵝᾝ xҍἝ mӊ ῍ ᴆ

̕ ѿ ᵝᾝ xiӊ ҈ ᵌ Ȃ Ӟ ң Ȃ҈ ף

ᵝᾝ ̆ ף Ἕ ҕ ̂3D Ȃ̃ ̆ ԅ

ᴨ ҍ ԋӗ ӊ ѿѿ ῏ Ȃ ORB-SLAMҬ̆ ⌠ Ἕ m ҍ

ᴨ ᴪ ̆ѿ ᵝᾝ ̂҈ ̃ӊ ᴨ Ȃ 

ᾟ ̔ SLAMҬ ף ̆ ᶏ ḂȂ ↨ᵣ SE(3)̆

ӈⱴ ̆ ҹⱴ Ҍ ̔ ⱴ ҌῬ SE(3)Ȃ ̆ SE(3)⌠

ף se(3)҉̆ ⱴ Ḃ ᵬ̆ Ῥ SE(3)Ȃ 
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̂ Ṣꜛ ᵝ Ȃ̃≠ ֓ ̆ 4.1̆ᾟ ̆

Ῥ ף ῤ ᵝᾝ Ȃ 

2. ѿҩ ̆ ᾣ ȁ ҉ ץ̆ ҈

ԑ ᴨלȂ  

3. Visual SLAM ῖ ̆ ῒҍ Ҭ҈ ≢ҍ Ȃ ̔Orb-

SLAM̆graph SLAM̆ LSD-SLAM ȂΏ2000 ӥ Ȃ 

4. ̂Unscented Kalman filter, UKF̃ ̆ UKFҍEKF ≢ҍ

Ȃ 

5. Ҋ ᾣ ף s̔parse bundle adjustment (SBA)Ȃ ῒ ȁ

῀ Ȃ ῒ ԍ Ἕ Ἕ ̂ 1 ̃ ᵝ ̂ ԓ

ľ Ἕ Ŀ Ȃ̃ 

 

  



 
 

5 Ἕ  

ԍ ѿ ң ֲ̆ ᵥ ≢ ױ ᵌ̙ ױ ᾢ ⌠ ֓

ȁ ₮ №̆Ӟ Ḥ Ȃᶛ ̆ Ҋ ̆ ױ

ᴪ ה̆ ̆ ң ᵌ̆ Ҍ ֓ Ȃ

֓ Ḥ Ἕ ץ̆ ֓Ἕ ⌠ ₱ ̆ ҹľ

̂features̃Ŀ̆ ≢ ֓ ̆ ѿ ᵌ ‰↕∞ ̆ Ἕ

Һ ῤ Ȃ ₃ᵥҌ׆ ̆ ׃ ̕ №

ᵌ ̆ ׃ ҈ ῖ ᵌ ̔ ῏ȁ ȁԑḤ ̕

ҬҌ ᾧ ̆ ׃ ҍ Ȃ ԋҩ №

῏ԍ Ἕ ̆ῒ ҹԅ Ἕ ̂ ̃ ץ̆ ҈

Ȃ ѿ ᵣἝ ҉ ̆ ̆ ѿ ̆

Ӟ ҉ Ȃ ױ 5.3 ╠ Ἕ

Һ Ȃ 

 

5.1 ҍ  

Ӎ־ 5.1.1 К 

Ἕ ָ̆Ӈ ̙ ᾢ̆ ѿ Ḥ Ȃ ѿἝ Ҍ

ĺĺ ѿ ἝҬ̆ Ἕ ֦ ̕ ױ ѿ ֦ Ἕ

ⱴḤ ȂἝ ‰̆ѿ ̆ Ἕ ⌠ Ἕ ӊ

ѿҩ Ȃῒ ̆ Ҍ ΐ ԋӈ Ȃ ̆ ԍ ≢̆ᵖ ѿҩ

̆ ҉ Ȃ ѿ̆ҩ ΐңҩ

Ȃ ױ ңҩ ҉ ₮ Ἕ ҹľ ĿȂ Ӟ ӈ ̆

ᵌȂ ױ 5.2.2Ҭ Ȃ 

ԅ ֓Ἕ ᵬҹץ ̆ ױ Ȃ ᵥ ῏

̆ Ἕ ⱳ Ȃ ԋҩ ָ̔ Ӈ ̙

Ἕ ֦ ṿ̂ ᾣ № Ȃ̃ ῏ Ȃ ԍ

̆ ῏ ӊѿ̕Ҍ Ӟ ̔ ȁ

₃ᵥ ⱬȂ ╠ Һ ֦ ̆ ̆ ̆ ԋ

№̆ᵬҹ Ȃ ̆ ̂ №̃ ԍ

ṿȂ 

̆ң ἝҬ ₃ᵥ ̆ ֓ ױ ῒѿѿ Ȃ

҈ҩ ̔ ΐ ₃ᵥ Ҍ ̙҈ ᵣ ӊ ₃ᵥ῏

Ȃ 3.1 ₃ᵥ ̆ ᶏԊᾢ ̆ӞҌ ᴋᵥѿ

ҩ ҩ ̂ ᴋ Ȃ̃ ’Ҋ̆ ҈ ᵣ

Ҍ Ȃ ѿ ̆ ѿ ₃ ₃ Ἕ ̆ ῤ̆Ҍ

ᵬԋ Ȃ ̆ ױ ₃ᵥ῏ ₃ᵥ ̆



 
 

̂ 1.2.2̆ ᶭ Ȃ̃ Ḃ ̆

ᶭ ̔ 8ҩ ̆ 8 Ҍ Ӟ ȂԊ ҉̆

ѿ֓ ľ Ŀ ₃ᵥ ̆ ₃ᵥҌ ̆ Ἕ ₃

₮ Ȃ 

̂ ҹ ᴪױ ἝҬ ҩἝ ҩ ̃

̆Ἕ ₃ᵥ ̔ ȁ ȁᴏ Ȃ ױ ᶭ ׃ ҈ ̆Harrisȁ

SIFTȁAffine-SIFT̆ ≢№ױ ȁ ȁᴏ Ḡ Ҍ Ȃ 

5.1.2 Harris 

׃ Harrisӊ╠̆ᾢ׆ľ ῏Ŀ ̆Ῥ ѿҩ ̆

ңҩ ₮ ̆ Ӟ Harris₮ [24]Ȃ 1.3.1 ̆ ῏

Ҍ Ҋ ѿ ̆ Ἕ ҩ ӗῬ ⱴȂ ῏ ҍ ῏̆ ̔

I IÃ ̆ῒҬIף Ἕ̂ Ἕ ̃ ֦ Ȃ ’Ҋ ῏ 100%Ȃ

ԍ ᴆҊ ᵣἝ ̆ ԍ ₃ᵥ ̆ ᴪ Ẓ ̆ ῏

0.1~0.3pixelȂ ̆Ҍ ῀ѿҩ Ẓ Ëŭ № Ҍ Ἕ

Ẓ Ҋ ῏ ∞ץ̆ Ἕ ᵬҹѿҩ Ȃ 

῏₱ ⌠̔ 
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                           5.4 

ῒҬ p1̆ ҩἝ I ⌠ ῏ ̂Ҋ Ȃ̃ ľָӇ

Ŀ ѿ ῏ Ȃp1 ̆ Ȃ ѿ ̆ѿҩ ҍ ῏ A

ңҩ ṿ ῏ ℗Ȃ ҹ ңҩ ף ԑ ңҩ ̆ ԅp1̆ ѿҩ

Ӟ ңҩ ₮ Ȃ 

҆ Ҍ ῒ ̆ ץ ῏ ῒ ҹ₮ Ȃ

Harris̆ Ӈ ̔ 

 
2

1 2 1 2det( ) trace( ) ( )a ll a l l- = - +A A                     5.5 

ῒҬdet(Ŀ)ף ↓ ̆trace(Ŀ)ף Ȃ Ŭ ԍ0.06Ȃ

̂ 8Ĭ8 Ἕ ̃̆ Ἕ҉ Ἕ 5.5 ̆ ԍ ṿ̆

ѿҩ HarrisȂҹḠ № ̆ Ἕ⅞№ҹ ̂

200Ĭ200̃̆ ҩ Harris̆ ῒז ṿȂ 

ױ Harris ҹ Ҍ ̆ ҹ ׆ ῏ ₮

Ȃңҩ ԑ ңҩ Ȃ ̆ Һ ̆ ⌠ ҩ

̂ ׆ ̃̆ ץ Ȃ 

5.1.3 SIFT  

SIFT̂Scale Invariant Feature Transform̃̆ ╠

ӊѿ[25]Ȃ ҍHarrisѿ ̆ΐ Ҍ ̕ ̆ ̆Һ ѿ
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Ԋ ҉̆ Ἕ Ҭ ̆ ᴇ

Ȃ Ἕ Ҍ ̂ 1.3.1 Ȃ̃ 5.2

ѿҩ ᵣἝ 3 Ṑ Ȃᴰ ̆ ѿ ȁ ѿ ȁ

ѿ ̆ ᵣἝ ѿ Ȃ Ҋ̆

Ȃ ̆ ױ Ἕ҉ ҩ ̆ᵖ Ҍ ℗ᵝ ̆

nĬnҩἝ ̕ ҉ѿ ҉̆ 0.25Ĭn2ҩἝ ̕ ̆ ҉

ҩἝ Ȃ ⌠ ӊ ̆ ῒṐӗ̆ Ҋѿ

ѿ̆ ⌠ Ȃ 5.1Ҭ̆ ᾢ Ἕ Ҭ ԅ ̂ ̃̆

ᴰ ⌠ ׆̆ ̆ ⌠Ṝ ̂ ҈ Ȃ̃Ῥץ ҹ ∆

ṿ ̆ Ҋ ̆ ⌠ Ἕ҉ Ȃ 
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ҩҩ ˻ ̆ Ӟ ֲ ӇẠ ̆ ҽ ᵣ ̆ᵖ ԍ

̆ ‗ӊ Ȃ 

Ἕ Ҭ ѿᾝ ̆ ҉ Ȃ ץ̆

ҹѿҩ ̕Ῥ ῒ ̆ ľᾝĿ ҩ Ȃ ױ ̆ ԍ ѿ

̆ ң Ҍ Ȃ ҉ ѿҩ ̆ ᵬҹֲ ≢ľ

Ŀ ᶃ Ȃ ԍ ᵣἝ ̆ ᶏῒ № ̆ᵖ ⌠

ҩ ľ ᶃ ĿҊ̆ ‗ԅ Ҍ Ȃ ᵬ ԅᵝ

҈ ̆ ӇSIFT ҈ҩ ΐ ̂distinctivẽ Ȃ Ҍ

̆ᵖ ѿ ↓ Ἕ ᵬ Ȃ 

SIFTβ Ȃ ҉̆ Harrisᶏ ῏

≢̆ ԋ № ̂ ̃̆ Hessian ≢ᵝ Ȃ ╠ H̆essian

ᵞ ̆ Ἕ Ҭ ῒ Ȃ 
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5.6̆ H ↓ Ȃ trace(H) < 10det(H) ̆↕ ѿҩ Ȃ 

ԋ № №̂Difference of Gaussian, DoG̃ ᵌ ̂ 1.3.1 Ȃ̃

SIFTᾢ ľṐ ̂octaveĿ̃ ̆ ᶭ ⁞ ѿ Ȃ ԍ
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ἝȂ ů ̆ Ἕ Ȃ Ἕ ̆ DoG

ἝȂ ңҩ Ȃѿҩ ̕ ѿҩ Ȃ╠

ԍ ̆ ╠ ľ Ŀ ᶛ ̕ ᵬ Ҍֽ DoGἝ̆ Ҍ

̂ ᶏ Ӟ̃ᴪ ≠ԍ Ȃҽҩᶛ ѿ̆ҩ ᴩ ҉ ̆

ԅ2ҩ №≢ ז ԅ ̆ ᵝ ԅȂ ̆



 
 

ȁ≠ԍ Ȃ 
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ľ ₮ Ŀ̆ ғ Ҍ № DoG ̆Ӟ ľ ₮ Ŀ ṿ̕ ҈ ҉

SIFT Ȃ ҩ ̆ Ṑ ̆ ᵣἝ 1.5Ṑ̆

ᵥ ̙ҍ Ἕ Ҭ ṿ ᵌ̆SIFT ԋ ⌠ Ἕ ̂҈
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ᶭ Ἕ ҉ץ ᵬȂ 3 ҍ
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5.2 Ṑ DoGἝ̂ [25]̃  
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׃ A-SIFTӊ╠ ᾢ̆ ѿ ̔ Ҭ ԋӗ [27]Ȃ
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̆ ľ ̂simulationĿ̃̆ ҹ ѿ ↓ ἝȂ A-

SFITҬ̆ ԅ ↕ ҍ Ȃ ↕ ̆ῒ҈זҩ Ȃ 

ԍ (e, f) Ἕ ӊ ̆ ᴏ ֽ 4ҩ ̆ №

ҹ̔ 

1 1

cos sin 0 cos sin
( ) ( )

sin cos 0 1 sin cos
t

a b t
A R T R

c d

j j f f
l j f l

j j f f

- -è ø è øè øè ø
= = =é ù é ùé ùé ù
ê ú ê úê úê ú

   5.7 

ῒҬ̆ ҹʟ Ἕ ̆ɗ = arccos(1/t)ҹᶷ ̆űŗ[0, ́)ҹ ȂҍSIFTɜ ̆ᶫ

Һ ̆ ɚ Ἕ ‗̕῏ ᵥ ɗ

ű ңҩ Ҍ ̆ 5.3Ȃ 

 

 5.3 ᴏ №  

[26]Ҭ̆ ңҩ ‗̆ ̆ ѿ ↓
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72Á/tȂ ᶷ ̆ ̆ Ȃ 5.4 ԅ № Ҋ

Ȃ Ἕ ̆ ѿ Ҍ׆↓ Ἕ ◐ Ȃ

̆ Ἕ̂ ◐ ̃҉SIFT ᵬҹ Ȃ 



 
 

 

5.4 № ̂ [26]̃  

Ῥ ⌠ ԋӗ Ȃ ԍ ∆ṿ ғ̆ᶭ ԍ ῏ ṿ ᴆ

ᴏ ̆ ῏ Ҍ ̆ └ԅ ԋӗ Ȃ

A-SFIT Ȃ 

 

5.2 Ἕ  

5.2.1  ₉ ᵒ  

̆ ῒ ̆ ᵬҙ ѿ ̕Ҋѿ ̆ ңҩ

ᴇ ∞ ‰̆ ҹľ ᵌ ̂similarity measurẽĿȂ ╠̆ ҈ҩ ̔ ῏ȁ

ȁԑḤ Ȃ 

῏ Ḥ ӊ ῏ Ȃ ῏ Ҍ ѿ̆ ҩ ̆

ῒҬ ѿ ῏̂ 1.58ȁ1.59̃Ȃ ѿ ᶏ ῏ṿ 0~1ӊ ̆ ῏

ṿӞ ҹ ῏ ̂Nomalized Correlation Coefficient, NCC̃̔  
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ȂNNDR ѿҩ ṿ̆ Ҍ ֦ ṿ̕

ľ ̂distinctiveĿ̃ĺĺ ԅ ҩľ Ἕ ĿD1̆ ῒז ҌἝ̕ Ӟ ᾧԅ

ṿ Ȃ ԅ NC ̆ ԅ ‰ ̆ Ӟ NNDRᴨ

ԍNCȂҌ ̆ ԍ ҩ ̆Ӟ └ԅNNDRᶏ ȂἝSIFT

̆ ̕p ᶭ Ἕ ṿ̂ ̃̆

Ἕ Ҍ ̆ ̕ ṜNCC ᶃȂ ̆

ᵌ ̆ ȁ Ἕ Ҋ Ȃ 

ԑḤ ̂mutual information, MĨ̆ ῏̆ Ӟ ԍḤ ̆҉ҕ ף90

ᵬҹ ᵌ ᶏ Ȃ ԍ Ἕ ȁ ‰̂ ᾣ ȁ

Ἕ̃ [28]Ȃ ҉̆MI NNDRȁNCC̆ ΐ ӈ̆ Ἕ׆ Ḥ

̂ entropỹ₮ ̔ 

 1 2 1 2MI ( ) ( ) ( , )H I H I H I I= + -                           5.10 

H(I)ף Ḥ Î Ἕ Ἕ ̃ ̔ 

 ( ) ( ) log ( )
x

H I p x p x=-ä                            5.11 

̆x ҩΐᵣ ֦ ṿ̆ ṿҹ 0~255̆ Ӈ p(x) ṿ ҩ I҉₮

̕H(I1, I2)ף Ḥ ̔ 

1 2

,

( , ) ( , ) log ( , )
x y

H I I p x y p x y=-ä                        5.12 

 ̆p(x, y) ѿ ֦ ṿ(x, y) Ἕ҉₮ ȂMI ңҩḤ ԑ

ᶭ ̆ I2 I1Ҭ׆ ₮ ̂ ӊ֞ Ȃ̃ ң Ἕ ῃ ‰̆↕ Ḥ I1

⌠I2̆ ԑḤ ̕ Ḥ ῃ ̆ ױ I1Ҭ׆ ῏ԍI2 Ḥ ̆MI

ᵞȂ ̆ ἝNCC̆ ѿҩ ṿȂѿ ̆NNDR NCC Ҭ

̆ MI NCC Ҭ Ȃ 

5.2.2  

ѿ Ḡ Ȃ Ҭ̆ ₃ᵥ ȁ ᾣ ȁ

ⱬȁ ᵌ ̆ Ȃ ̆

ױ ᵣἝ ̆ ҉ Ḥ ̂ ̃̕ ᵣἝ ₃ᵥḤ ̆

ᵬҹ ᴆ̆ Ȃ 

1.3.3Ҭ ׃ ᵌ̆ ֓ ᵬῤ ̂inlier̃̆

ҹ ̂outlier̃̆ ῤ ѿ ̆ ᵣ Ҭ ₃ᵥȂ 3.2̔

x1Ex2 = 0̆ҹ ̆ 5 8 ̂ ‗ԍ

ԋӗ ̃̕ ѿ ⌠ Ṝ Ȃ ᵣ

ԍRANSAC ̆ ҹ Ȃ RANSAC ╧ 5.1 Ȃ 

5.1RANSAC╧ ᵣ Ἕ Ҭ  

________________________________________________________________________ 

1. 1.70 k̕ ṿTh = 0.5 pixel̂ ̃̆ k ҳ



 
 

C[k]Ȃ 

2. k ̔ 

׆2.1 ᴋ 5̂ 8̃ ̆ ԋӗ̂ SVD̃ EiȂ 

2.2 ῀ף x1Eix2̆ ῒ ṿ ԍ Th̆ ҹῤ ̕ ↕ҹ ̆

ῤ ⌠C[i]ҬȂ 

3.  ᵝ CҬ ṿCmax ĭ ₮i ῤ Ȃ ῤ

Ῥ Ĕ ₮Ȃ 

ðððððððððððððððððððððððððððððððððððð 

҉ץ ԍRANSAC ╧ № Ȃ ̆ 3.1Ҭ ׃ ̆

₃ᵥ ⌠ ̆ ѿ ҉ ̆ ₃ᵥ ₮ Ȃ

̆ ᵣ ῃ ᾧ ̆ ҈ Ἕ Ạ⌠Ȃ 3.4.1̆҈ ₃ᵥ

+ Ÿ ̆ ҈ ᾣ ֜ԍ ѿ ̆↕ Ȃ ̆҈ ₃

ᵥ ҈ ̆ ῃ╧ ₃ᵥ Ȃ Ҍ ̆

↓ Ἕ Ҭ̆ ԍ҈ ₃ᵥ ╧ ̂ 5.2 ̃ ṿ Ȃ 

5.2 RANSAC╧ ҈ Ἕ Ҭ  

________________________________________________________________________ 

1. 1.70 k̕ ṿTh = 0.5 pixel̂ ̃̆ k ҳ

C[k]Ȃ 

2. k ̔ 

׆2.1 ᴋ 12̂26̃ ̆ 3.30̆ ԋӗ̂ SVD̃

tijkȂ 

2.2 ῀ף 1 2 3[ ] [ ]i jk

ix t³ ³x x ̆ ῒ ṿ ԍTh̆ ҹῤ ̕ ↕

ҹ ̆ ῤ ⌠C[i]ҬȂ 

3.  ᵝ CҬ ṿCmax ĭ ₮̂ ̃i

ῤ Ȃ ῤ Ῥ tijk̆ ₮Ȃ 

ðððððððððððððððððððððððððððððððððððð 

҈ ₃ᵥ ῃ ̆p ṜӞ ̔ ↓ ἝҬ

Ἕ ṿᶭ Ȃ ԍ ҩҕ ₮ Ἕ ҉̆ᶛ 10

̕Ӟ ԍ ṿTh Ҍ Ḡ ῃ ѿ Ȃ Ṝ̆

ᴋⱵ ֜ RANSACԅ̔ Ȃ ̆₃ᵥ ῏ ӞҌ n

̆ ᾣ Ȃᶛ ̆1000Ἕ Ҭ̆ 6000ҩ Ȃ Ṝ

⁞ Ȃ 5.3 ԅ ⁞ ֟ Ἕ Ȃ 

 

5.3 ╧ ᾣ Ҭ Ἕ  

________________________________________________________________________ 

1. Ἕ ṿҹP = 1Ȃ 



 
 

2. ̔ 

2.1↓₮ Ἕ ῍ ᴆ ̆ ԋӗ 4.13̕

Ҭ ůȁ ҩἝ ᵩ № ri ҩ῍ viȂ 

2.2 1.71̆ ҩἝ ṿPiȂ 

  ᴆ̔ ⌠ů₃ӍҌῬ Ȃ 

3.  ₮ Ἕ 3D ȁ Ἕ ᵝᾝ Ȃ 

ðððððððððððððððððððððððððððððððððððð 

 

5.2.3  

̆ ῒ ᵌ ∞ץ ̆ ̕

ᵖ ױ Ȃ ԍ ̆ ԍ ľ Ἕ Ŀ ᵬ̆ ץ

῀CPU GPU ⱴ Ȃѿ◐ ҆Ἕ Ἕ SIFT ̆ GPU ⱴ

̆ ҉ № ⌠ѿ  ҊȂץ

ԍ ᵌ ̆ ΐᵣ Ἕ Ȃ ῏̆ ҩ

ԑ ̆ ̕ NNDR̆ ԅ ⱴ ̆

ҩ ѿ Ἕ ѿ Ȃ ѿҩῖ

̆ ῀Hashȁԋ Ȃ 

SIFT ԅѿ ᵬҹ k-d ̆ץḂ ҍ kҩṜ

Ȃ ѿҩ ̂128̃ ̂bin̆̃ nҩṜ Ȃ

ҩ ѿ№ҹԋ̆ ⅞№ nҩ bin̆ҩ ᵟ ѿҩ Ȃ ѿ№ҹԋ

⅞№ ̆ ԋ Ȃΐᵣ ⅞№ ‰ ̆Ḡ ҩԋ ΐ Ȃ

ԋ ̆ Ḃ ᵝ ҩbin̆ץ binȂֲ

̆Ҍ ԋץ ҹᶛȂ 5.5Ҭ̆8ҩṜ ץ Ώ ̆ ñ+òף

̆ ľÁĿף ̆ ף ⅞№Ȃ ѿ ̆

ṿ 0~1ӊ Ȃ ѿ ̆ ԋ ȂҹḠ ԋ ̆ ᾢ

d1 = 0.34℗̆8ҩ № ңҩ №Ȃ ҩ╩№ ̆ ԋ

̂d1, 0.34Ȃ̃ d2 = 0.52℗̆ 4ҩ Ῥ ѿ№ҹԋ̆ ⌠

̂d2, 0.54Ȃ̃ᶭ ̆ ⌠8ҩbin ԋ Ȃ ԋ ̆ ԋ

↕̆ ᵝ ľ+ĿȂ ᾢ̆׆ԋ ₮ ̆

҉̆ ̂d2, 0.54̃ ҉̆ ᵝԍD binȂ ӇD ľ+Ŀ

Ȃ ҈ ̆ ȂSIFT BBF̂best bin first̃ Ȃ ̆ҍľ+Ŀ

C Ҍ ₃ᵥ B̆ ҹC D ԋ ̂ biñ҉ Ȃ

ץ Ȃ 

  



 
 

 

5.5 K-d Ҭbin⅞№ ԋ ̂ [25]̃  

 

5.3 Ἕ  

Ἕ ӊ ̆ ₃ᵥ̆ └ᵬ ᵣἝ ̂

3.5.1̃Ȃѿҩ ᵬ ᵣ̆ ѿ Ἕ ̆

ҹ Ȃ ̂ ̃ 3D ῏ Ȃ Ҍ

╠ Ҋ̆ Ἕ ѿ ̆ ȂҌ ̆

ᵞԅ ̆ᵖ ᵬ Ҍ ̆ ҹ ԍ ȂҺ ̆

Ἕ ̆ №Ἕ ̆ ᴋᵥ ӈ҉ Ҍ ѿҩ Ȃῒ

̆ ₃ᵥ Ȃᶛ ѿ 10000Ĭ10000 Ἕ̆ 10ҩ

₃ᵥ̕ᵖ Ἕ 1ַ ҩ ȂҌ ̆ ף

̆ ҌῬ Ȃ≠ GPU CPUⱴ ̆ ᶏ

ῃ ̂ Graph Cut̃Ӟ ῤȂ ᾢ

̆ ׃ ѿ֓ Ȃ 

5.3.1  

῏ ̆ Ἕ҉ Ἕ Ȃ ̆

Ἕ ´ ⌠ ӎ ̆ ̆ ԅȂ

ⱴ῀ ̆ Ȃ ̆ Ἕ ̆ ᶏ ̆Ӟ

ѿѿ ₮ Ȃ ӊ̆ ֓ Ҍ ̆ ѿҩ ȁ

̆ ֓ ̆ ѿ֓ Ȃΐᵣ ̆ ₮ ̔ ̆ ױ

ҹ ̆ ѿҩ ᴨ ȂԊ ҉̆ Ἕ ӊ ԑ ̆

ѿҩἝ ̆Ҍֽ Ἕ ̆ Ἕ҉ Ἕ Ȃ

ѿ ̔ ῃ ᴨ̆ ῀ ᴨȂ ⌠ ѿ ̆

₮↓ץ ѿҩ ῃ ᴨ ̔ 

 argmax ( , , )p
f p

NC p f dä                           5.13 



 
 

ῒҬ̆NC(a, b, d) aȁbҹҬץ≢№ dĬdἝ ѿ ῏ ̆fp

‰ Ἕ҉Ἕ p⌠ Ἕ҉ pǋ ̆Ӟ ₱ Ȃ ̆ ױ

҉ ₮ ҩ Ȃ ѿҩNP ̆ ╠ Ҍ⌠ѿҩ ῤ ȂẊ

10000Ĭ10000 pixelŝ Ἕ ̃ ᵣἝ 1~1000 pixels

ӊ ̆ Ӈ ѿҩἝ 1000 ̆ ↓ 10300000000Ȃ ⌠

Ҭ 1080ҩ̆ ₮ ᵌ ᴨ ˻ 

5.3.2  ᵒῊ  

ԅ׆ ῏ ̆ Ӟױ ׆ ᴇ ₮ ̆ 5.12Ώҹ̔ 

 

arg min ( )

( ) ( ) ( )

f

smooth data

E f

E f E f E f= +
                        5.14 

E(f)Ώ ң ӊ ̆ Edataץ ҍ ל EsmoothȂҹḂ

ԍ ̆ ץ Edataᵬ ῏ ҍ1ӊ ̆ Edata = ×(1 ï NCp)̆ NCp Ἕ p ῏

̆ ῏ ̆ ̕ Esmooth̆ ҹf ̆ҍ Ἕ ṿ

̆ ̆ ᵞȂ ң ̆5.13 ↓ ̆ ԅ ’̆ ѿ

ҩἝ ῒᵩ n - 1ҩἝ ῏̆ᵖ ̕ ῒΏ Edată

‗ ץ̆ Esmooth̆ ῒ ‗ ̆ m << n ï 1 ̆

ῤ Ȃ 

Edataӈ ̆ ᵥ Esmoothԅ ᵌῃ ῏ Ȃ Ἕ p ҹ

Np̂ Ҍ p ̃̆ ғqŗNp̆ Ӈל ₱ ҹ̔ 

 
1 2

( , , ,..., ),
msmooth p q q q i p

p

E V f f f f q N= Íä                   5.15 

ҩ Ӟ ѿ Ȃ qiҍ qjӊ ῏ Ȃѿҩ

ᵌ Ạ ῃ ̆ Ẋ qiҍqj ԑ Ȃ ╠ Ҋ̆ ⌠̔ 

 ( , )
p

smooth p q

p q N

E V f f
Í

=ää                          5.16 

Ḃҽңҩᶛ ҹ ľ Ŀ Ȃ ⱬ Ҭ̆ Ҭ ⌠ ̆

ľ ̂regularizationĿ̃ ̆ᶏ ץ ĺĺ ҉ ̆

⌠ Ҋץ ֲ ̕ Ҭ̆ Ẋױ Ἕ ṿ ԑ ĺĺ Ҍ ̂

1.3.3 Ȃ̃ Ḃ ̆ ⱬ ᶭ ҩ Ҭҍ

̕ ṿ Ẋ Ӟ ꜛ ױ ᵝ Ȃ ̆ ᵌҌ

̆ ȂҌ ̆ ҹ ῏ Ҍᴪ ⌠ ̆ ԅȂ

ѿ ҹҩֲ ῃ̆ ҹῒ № ̆ ҹ ӊ ῏

ԑ Ȃ ̆ᵖ῏ ┴̆ Ẋ ԅ2007 ̔

ֲ ᾫ ҩ̆ᵣ ῏ Ẓ ̆ ѿ ↓ Ȃ ̆

ױ ╠ңҩᶛ Ȃ 

῀ ԑ ᴆӊ ̆ Np ԅ̆ ץ ӈҹ ҩ

Ἕ̂ p̃̔ 5.16 ԋҩ ⱴ ̆Np ̂P Ȃ̃



 
 

ѿ ΐᵣ ל ₱ VȂ ל ӈ̆ ╠ ҍ ⱬ҉ ȂẊ ѿ

ԋṿ Ἕ̆ 0̆ p ṿ 1̆ Ἕ ҉ ל̆ ̕

pṿҹ 0̆ Ἕ ל̆҉ ҹ0Ȃ ל̆ ₱ ╠ ҍ ľ Ŀ

ȂҌ ̆ ԅ ̆Ӟ Ḡ ̂discontinuity preserving̃̆ ֓

ҹ Ἕ҉ Ȃѿ ̆ ҹ ל ₱ ⱴ῀ѿҩ ҉ ̔ 

 ( , ) min( ,|| || )dV Ka b a b= -                        5.17 

Ҭ̆||Ŀ||d ̆dѿ 1 2̆ K ╠ ̆ Ҍ

̆Ŭȁɓ№≢ ╠Ἕ ҍ Ἕ Ȃ ѿҩ

̂potts model̃̔  

 ( , ) ( )V K Ta b a b= Ö  ̧                         5.18 

K ̆T(Ŀ) ѿҩ₱ ̆ ֽ ҹ ԍ 1̆ ↕ҹ0Ȃ ̆ ԅ

╠ ҍ ᵞ 0̆ ῒז ҹ 1Ȃ 

ӊ ̆ ԍ ץ 5.14ԅȂ ҬEdata ̆῏ ԍ V(Ŭ, ɓ)Ȃ

ҽ Ҍ ̆Esmooth ᶭ Ȃ ױ ҉ ѿ ᴨ

Ȃ 

ᴨ ѿ ꜚ ⅞Ȃ ̆ꜚ ⅞ ╠ ̆ ₱

€ ̂convex̃̆ ᴆ ₱ ѿ Ҍ Ḡ ҩ ᴆȂ ѿ ȁ

ף ◓ ̂graph cut methodsȂ̃ 

Boykov ῖ Ҭ[29]̆ ң ꜚ ᵌ 5.14Ȃ

ӈ ṿ̆ 1000 ѿҩἝ 1000 Ҭ ѿ Ȃѿ

ꜚ ľ ԑ ̂Ŭ-ɓ swap̃Ŀ̆ ѿ ľ ̂Ŭ expansioñĿȂ ң

ᵬҌ ᶏ̆ 5.13 Ҍ ⁞ ̆ ⌠ ꜚῬӞ ᶏ Ҋ ҹ Ȃ 

ᾢ Ҭ Ŭ-ɓ ԑ Ȃ 5.6Ҭ̆ ң Ȃѿ Ŭ ɓ̕ ѿ  

Ἕ p ῒ ̂ῒ Ŭ ɓ̃Ȃ∆ ᴆ pȁ rȁ s ԍ Ŭ̆ ᵩҊ ԍɓȂ

Ӟ ң ѿ̆ ҍἝ ̆ Ἕ ԍ ̂ ̃̆

pt
a

p ṿҹŬ Ȃ ѿ Ἕ Ȃ e (p, q) pȁqӊ

Ȃ 

 



 
 

  

5.6 ԑ  

ΐᵣ ̆ qŗNpҹἝ p ̆ ң Ҋ̔ 

;

;

( ) ( , )

( ) ( , )

( , ) ( , );{ , } { , }

q q

q q

p p q

f f

p p q

f f

p q

t D V f

t D V f

e p q V f f

a

a b

b

a b

a a

b b

a b a b

¸ ¸

¸ ¸

= +

= +

= Í

ä

ä                      5.19 

Ҭ̆t ң ‗ ̆ѿ ̆ Ἕ ῏ ̆ ѿ

Ŭ ɓ ל ₱ Ȃ Ἕ ̂ {Ŭ, ɓ}ץ {ɓ, Ŭ} ̃ ῒ

ל ₱ ‗ Ȃῒל ₱ ԅ 5.18Ȃ 

̆ ӈѿҩ G ◓ Ĉ Cut̆̃C ѿҩ ̆ Ạ⌠̔

C̆ Ӈ ̂ G ï C̃ Ҭ ҩἝ ̆ ѿҩ Ȃ ̆ ױ 5.6Ἕ

҉ ℗ѿ₴̆ ӇC = {pt
a
, qt

a
,é, st

a
}Ȃ G ï C̆ ҩἝ ѿ ԅȂ

̆ CҬ̆ ҩἝ Ӟ ѿ Ȃ ѿҩ ̆ C ◓ ᵬ

Ȃ C ̆ 5.4Ҭ ℗ѿ₴Ȃ |C| C ₱ᴇף ̆

ώнфϐ ̆ 

 | | ( )CC E f K= +                              5.20 

ῒҬKҹ ̆fC C Ἕ Ȃ Ṝ̆ E(f)̆

ᴇԍ C ₱ᴇף ̆ ѿҩ ◓ Ȃ|C|ԍ ӊ ̆ 5.19

∆ ̆ ץ ₮ ◓CȂ 

ѿ ̆ ҍ Ἕ Ҭ Ἕ ᵬ ᵌ̆ p̂ fp = Ŭ̃

ῤ ֓ ̆ ҹŬȂᶏ ᵬҍ ◓ӊ ᴇ῏

⌠ԅ Ȃ 

̔ ԑ ҍ ̆ ң ᵬ̆ ױ ῃ ᴨ



 
 

ғҌᴪ ῀ ᴨ ̙ῒז ᵬ ̆ ̆ ץ ᵬ̂Ҍ

̃̔ Ŭȁɓԑ Ŭ + 1̕ ҹ ṿ̆ Ȃ ώнфϐѿ

ԅ ԑ ᵬ ̆ ԅ ᵬҍῃ ᴨ ṿ῏ ̔ 

 ( ) 2 ( *)CE f cE f¢                              5.21 

ῒҬfCף ◓ ̆f* ᶏ ῃ ᴨ Ȃc ѿҩ ̆ ԍ̆ 

 

max ( , )

min ( , )

V

V

a b

a b

a b

a b

¸

¸

                               5.22 

5.21 ₮ԅ ◓ ҉ Ȃ ╠̆ ῃ ᴨ ҩNP

╠ Ҋ̆ ◓ ῒ ῃ ᵌ Ȃ 

5.3.3  Ὴ  

ԍῃ ᵌ ᴨ ̆ῒ Ȃ ᶏ ԅ ̆

ԍꜚ G Ἕ̆ ̂ ̃̆ ᶭ Ȃ

╠̆ Ἕ Ҭ̆ ῃ Ȃ 

Ḃ ῃ ᴨ ̆ Ӟᴪץῃ ҹ₮ Ȃ ᵣ ̆ 5.14~5.16

̆ ‗ԍ ₱ ל ₱ ΐᵣ Ȃ

Hirschmuller [28] ₱ ̔ 

 
1 2( ) ( , ) ( 1) ( 1)

p p

p p q p q

p q N q N

E D C p D PT D D PT D D
Í Í

= + - = + - >ä ä ä      5.23 

ῒҬ D ׆̆ ץ ̂ ⱴ҉

Ἕ Ȃ̃ ╠ ◓ ᵌ̆ ל ₱ Ȃ ԍ 5.17̆

ԅ№ Ȃ ӊ ҹ 0̆ ל↕ ҹ 0̕ ҹ 1̆ ҹ

P1̕ ↕ҹ P2̆ ғP2 > P1Ȃ ҍ ≢ ̆ Ȃ 

₱ᴇף Cף Ȃΐᵣ ̆ ҩףᴇ₱ ԑḤ ̂MĨ Ȃ ╠

Ҭ ̔ Ἕ Ḥ ԍ ̕ ̆ Ἕ

Ȃ Ἕ̆ ҩἝ Ҍ ѿҩ ṿ̆

῏ ╠ Ȃ ̆ [28]Ҭ̆ Ἕ ԑḤ ₱ᴇף Ȃ

5.2.1̆ᾢ ӈԑḤ Ὲ MI(i, j)Ȃ ᾢ̔ 

 

1 2 1 2, ,

1
( ) log( ( ) ( )) ( )

1
( , ) log( ( , ) ( , )) ( , )

I I

I I I I

h i P i g i g i
n

h i j P i j g i j g i j
n

=- * *

=- * *

               5.24 

ῒҬIף ἝҬΐ ̆ ἝҬ ץ№ Ҍ

̕nҹ ̕P(i, j)ף Ἕ ֦ (i, j)₮ ̆ ԍѿ Ἕ̆

(i, j) ↓ ҹ256Ĭ256Ȃg(i, j) ץ̆ ̂ ⌠ Ἕ

ⱴ Ȃ̃ 

Ӈ֦̆ (i, j) ԑḤ ҹ̔ 



 
 

1 2 1 2 1 2, ,( , ) ( ) ( ) ( , )I I I I I IMI i j h i h j h i j= + -                   5.25 

⌠ ῏ ̆MI(i, j) ̆ ҩἝ p ₱ᴇף ҹ MI  ̔

 
1 2, 1 2( )( , ) ( , )I I p p dC p d MI I I +=-                       5.26 

ῒҬdף DҬἝ p ̕I1p ‰ ҉Ἕ p ̆I2(p+d) p

pǋ = p + d Ȃ 5.23῀ף5.26 ⌠ԅ ₱ E(D) ΐᵣ Ȃᶏ

₱ D̆ ῃ ᴨ Ȃ ╠ ̆ ₱ ̆

ѿ ѿҩNP ̕ 5.23 ץ ◓ ѿҩ ᵌῃ ᴨ ȂҌ ̆

ԍ ◓ ̆ ῃ ᴨ ‗ Ȃ 

ѿҩἝ p ᴪ ῤ ̆ 2D Ἕ̕ѿ ᵌ

̔ Ἕ p 1D ̆ 2D Ἕ ᴨ Ȃ 5.7̆ p

16ҩ 1D ̆Ҍ ҉ Ἕ ̕ ҩ №≢ ѿ

₱ ̆ᶏ ֓ ₱ ӊ ҹ ῃ ᴨ Ȃ 

 

ᴇף 5.7 ̂ [28]̃  

ΐᵣ ̆ r ҉ ₱ᴇף ҹ̔ 

1

1 2

( , ) ( , ) min[ ( , ), ( , 1) ,

( , 1) ),min ( , ) )] min ( , )

r r r

r r r
i k

L p d C p d L p r d L p r d P

L p r d P L p r i P L p r k

= + - - - +

- + + - + - -
           5.27 

₱ᴇף ̔ 

 ( , ) ( , )r

r

S p d L p d=ä                             5.28 

ᶏ S(p, d) d Ἕ p ῃ ᴨ Ȃ Lr ѿҩ ̆ῒҬp - 

rף p r ҉ ╠ѿҩἝ Ȃ 5.7 ̆ ׆ bפ̆ Ἕ

̆ғ  

 ( , ) ( , )rL b d C b d=                              5.29 

5.27̆῀ף5.29 ᶭץ ⌠ ҉ Ἕ p ₱ᴇף Ȃ ҹ D̆

ԍᴋ ѿҩἝ ̆ 5.27̂ Ἕ ҹ 5.29̃ ѿ῍ D ̕ 16

̆ 16ĬD̕ ⌠ Ἕ ̆ ̔16ĬDĬWĬHȂ ԍ ◓ ̆



 
 

ῃ ΐ Ȃ 

▼Ҋ ѿҩ Ȃҹԅ C(p, d)̆ 5.26̆ ױ ᾢ ⌠ ̆

ԑḤ ̆ ѿҩ∆ Ȃѿ ̆∆ ץ ᴨ ⌠̆

῏ Ȃ 

ҹԅ ̆ [26]Ӟᵬԅң Ȃ ѿ̆ҹ ⌠ Ἕ ̆ ץ

ԋ S(p, d) Ἕ Ȃ ԋ̆ Ȃ№≢ץ ҹ

‰ ̆ ң Ȃ ң ҉ ̆ Ἕ ṿ̂ ̃Ҍ ̆

ԍ1ҩἝ ̆ ҹ Ȃ 

 

5.4 ѿ֓ ᾟ 

5.4.1 Bag of Visual Words 

Bag of Words∆₮ ҬȂ ᾢ ҩ Ҭ ֓ ₮ ̆

ľShakespareĿ₮ ԅ100̆ľlightĿ₮ ԅ30 ̆ Ȃ ҩ

ΐ ̆ ץ̆ ҍῒז ≢Ȃ

̂Bag of Visual Words, BoVWҍ̃ ̆ ѿ ᵈ ԋ ἝȂ 

Ҭ ῖȁҬ ῖȂ ԍ Ἕ ҹ̆ BoVW̆

ᾢӞ ѿҩ ῖȂ ῖ ҈ҩ Ȃ ᾢ Ȃ ῖ

̆ɒ ̆ 128 SIFTᵬҹ ῖ ᾝȂ ԋ ̆

ᵥ⅞№ ἝȂ Ἕ ̆ ⅞№ ̆

100*100Ἕ Ȃ ҩ ῤ ̆ ԍ Ȃ ֓ ҬӞ ץ

Ҍ⅞№ Ἕ̆ Ἕ҉ SIFT ̆ ֓ ἝȂ

̆ ֟ ΌᵩȂ ҈ ̆ ᴨ Ȃ

K ṿ Ȃᶛ ̆ 100 ἝҬ ԅ100̓ҩSIFT̆

ῒ ҹ1000ҩ ̆↕ Ҭ ҩ ҹ1000Ȃ 

ѿҩ Ἕ Ȃɒ ̆ ἝҬ̆ ҩ̂ ֓̃ ף ľ

Ŀ̕ ἝҬ̆ SIFT ̆ ҍ ѿ ̆ ף֓ ľ Ŀ

₮ ԅ̆ ₮ ̆↕ ҹ ἝҬ Ȃ Ҍ ҉

Ҋ Ḥ Ȃᵖ ױ ῀ⱴץ ֓Ḥ ̆ ľ Ŀҍľ Ŀ ₮ ȁľ Ŀᵝԍ

ץ̆ ⌠ Ȃ 

Ἕ ᵌ Ȃ ≢ ԍ̆ Ἕ ѿ Ἕ Ҭľ Ŀ

ҩ ̆ ᵝ ᵞ̆ ԍ Ȃ ץ̔

≢ ľ ᵝĿ Ἕ Ҭ ҩ ᵣ̆ ̆ ԍἝ Ȃ 

5.4.2  

ױ ᴰ׆ ⌠ ꜚ ȁ ꜚ ֲ ȁ

SLAM ↕̆ ȂD Ἕ ΐ Ȃ ‗

ԅἝ ᵝ ῏ Ȃ ̆ ѿ ꜚ ᵝ Ҭ̆ ֓ ᴆҌ Ȃᶛ

̆ ҉ ̆ ԅ5 km ⌠ӊ╠ ֜ ̆ ԅ Ȃ



 
 

Ἕ ῒ ȁ ᵝ ̆ Ԋᾢ Ȃ ꜚ ⌠ ̆↕

ᵝȁ ᶫ ₃ᵥ ᴆȂ 

≢ ѿ Ҍ ┴ ̂ Ἕ̃ Ȃ

Ȃῒ ̔ ᾢ Ἕ ̆ ᵬҬ

└ № Ȃ ֓ ᵬҹἝ ᵣ ̆ Ữ⌠ῤ ҬȂ ̆

ԍ Ἕ ̆ ̆ ҍӊ╠ Ἕ ѿ Ȃ Ἕ

Ҭ ̆↕∞ ҹ Ȃ 

ᶭ ҬȂ ԍ ῖ̆ Ȃ

SIFTץ ᾣ ̕ Ӟ Ȃ ̆ Ӟᴪ

Ȃ ̔ ₃ᵥ ⱴ῀⌠ ῃ Ҭ̆

⁞ ̕ ẫ ȁ₃ᵥҌ ̆ Ȃ 

5.4.3 ἥ  

Ἕ Ҍ׆ Ҭ Ȃ Ἕ ᾣ Ἕ̆ №≢

Ἕ Ἕ Ӟ̕ №≢ ᾣ Ἕҍ ἝȂҍ ᾣ Ἕ

ᵌ̆ ᾣ Ἕ ₃ᵥ ̆ ̆

Ȃ ֓ Ἕ ṿ ҉̆ Ԋ Ẋ ᴆ ᴪ

Ȃ ᾣ Ἕ ѿ ᾢ ֓ ̆ ȁ ̆Ῥ

̕≠ SIFTȁHarris Ӟ Ȃ 

ԍ Ἕ ̆ ᾣ LiDAR ̆↕ ΐᵣ ᴰ Ȃ

LiDAR ᴰ ̆p ѿ ᾣ Ἕ̆ Ӟ̆ ἝȂ

Ҭ Ӟ ᵌȂ ̆ ֓ Ἕ ̆ ҹᾣ 2D Ἕ Ȃ

Ἕ҉ ̆ Ԛ ȁ֜ ̆ ̆ Ҍѿ Ȃ Ḥ

ȁ ̂ ị ̃ Ȃ3D Ԑ Ἕ

ԅ ̆ Έ №ῤ Ȃ 

5.4.4 ᾩ ғ ἥⅎ  

ҍֲ ᵣ ̆ Ἕ Ӟ ⌠ ᵣ ȁ ȁ ᾣ

Ȃ ҩἝ ṿ̆ ֓ ӊ ֜ԑ ȂῒҬ̆ ҹ ֦ ̂shading̃

̂reflectanceȂ̃ῒҬ֦ ᾣ ̆ ᵣ Ȃ

ᾣ ̆ ȁ ̆ᴪ Ἕ ȁ№◓ ᵬȂ ѿ ̆ ץ

ң № ̆ ⌠ ᾣ Ἕ̂ ҹ ̃̆ ֦ ̂

ҹ֦ Ἕ̃̆ Ἕ ᶫ Ḃ≠Ȃ 

ᵣ ҹ + ̆ ᾣҹ ᾣ̆ Ӈ Ἕ Ἕ ṿI № ҹ̔ 

I = SR                                 5.30 

ῒҬ̆Iѿ ҹ3 Ἕ ̆Sҹ֦ ̆Rҹ Ȃ I ҹ

S R ᵬ ҹ Ἕ№ ̂Intrinsic image decompositioñ̆ ҹRetinex

[30]Ȃ ֲ ̂Retinã ̂Cortex̃ ₮̆Ӟ

Ȃ ̆WeissἝ ↓ Ӟ [31]Ȃ 5.8 [32]



 
 

Ἕ№ ⌠ ᾣ Ҍ Ἕ̆ ԍ Ἕ ̆ ≠ԍ Ȃ 

 

 

5.8 ᾣ Ἕ̂҉ ̃ ᾣ Ҍ Ἕ̂Ҋ ̃ 

 

  



 
 

 

ȍ ӟ Ȏ 

1. ҹָӇLoG № ̙SIFTᵥ DoG LoG ̙ 

2. ῖ ╠ѿ֓ ̔CENTRIST̆SURF̆DaisyȂ 

3. Affine-SIFT ԋӗ Ἕ̂ ̃ ᴏ Ȃᵖң

Ҍ ̆╠ ҹ̔ ̕ ҹ̔ Ἕ Ȃ ҽᶛ

ῒ Ҭ ≢Ȃ 

4. ̆ ᶭ Ȃ ╠̆ ╠

ȂSmart3DSUREң ҙ ᴆ̕ҍ ̆ ľHigh 

Accuracy and Visibility-Consistent Dense Multiview StereoĿҍľSURE: photogrammetric 

surface reconstruction from imageryĿ ῀ Ȃ 

5. ҩ ̂ ̃ѿ ̆ Ἕ̆Ḡ 80% ̆

ғ ȂᵰӞ ץ ↕ ἝȂ≠ Bag of Visual Words

visual words̆ SIFT ORB ѿ҉׆̂ ӟ Ҭᵰ

ӟԅORB Ȃ̃ visual words Ȃ ꜚ ⌠

Ἕ ̂ Ἕ Ȃ̃ 

6. Ҭ 12 ҉8 ╠ ң Ἕ Ȃ№≢≠ SIFTȁ Ἕ№

№≢ ̆ױ ᵥȂ ⌠ᵰ ┴ ≢₮ ױ ᵌ ̆

ᵰ ⌠ ̙ 

 

 

  



 
 

6 ҍ ᾣ  

Ҭ̆ ᾣ ̂Light Detection And Ranging, 

LiDARҍ̃ ̆ ҹѿ Ȃל ԅ ֓ᴰ ѿ

ҹ ꜚ ̂Mobile Mapping System, MMSȂ̃ ԅҒҙ ̆ ֲ

Ҭ̆ ҍ Ӟ ԍ ‰ ̕ ֲ Ҭ̆ -LiDAR

ȂLiDARҍ ӊ ΐ ԑ L̔iDAR ̆ ̕ ̆

ң ‗҈ Ȃ ╠LiDARץ ԐҹҺ ̆ Ҍ⌠

̕ᵖң ̆ ҹᴰ ȁ ȁ₃ᵥ ᵝȁ҈

ᶫ ѿᴰ ү ᾢ Ȃ ץ ҹᶛ̆ ᴰ

ȁꜚ ̆₃ᵥ ץ̆ ҈ Ȃ 

 

6.1 ᴰ  

ꜚ Ҭ ҩᴰ ̔ῃ ȁ ᵣ ȁ ᾣ ȁGPSת

ȁIMUȁ ת Ȃ ѿ Ҭ ᴰ ӊ ԑᵝ ῏ ̆ ҹᴰ

̕ ׆ ̆ ҹᴰ Ȃ ҩ ѿ ҹ ̆

Ҭ IMUҬ ̆Y ̆Z ̆

⌠X Ȃ ץ LiDARҹᶛ̆׃ ᴰ Ȃ 

6.1.1 ғGPSɻIMU  

IMUҬ ҹ ̆ ҉ץ ‰↕ X-Y-ZȂҕ ҹ Xw-

Yw-Zw̆ ң ӊ ѿҩ ᵌ ̔ɚw[Rw|Tw]Ȃ ҹxc-yc-zc̆ ҍ ӊ

Ӟ ѿҩ ᵌ ̔ɚc[Rc|Tc]Ȃ Ḃ ɚc = 1Ȃפ̆ Ἕ ҉ ԅ nҩ └ Xw

xc =Kx̆↕ ̔ 

X = [Rc|Tc]xc = ɚw[Rw|Tw]Xw                         6.1 

ῒҬ xҹἝ ̆Rw IMU ̆Tw GPS ṿTgץ  GPS⌠IMUҬ

Ẓ ҹTG ⁞ ⌠̆ Tw = Tg - TGȂ ҉ RcȁTcץ TGȂ

K ╠ Ҋ̆῍ 9ҩ ̕Ṣꜛ 5ҩ҉ץ └ ̆

ԋӗ 6.1̂ҩ ↓₮ 2ҩ ̃̆ ⌠ ҍ ᵌ ץ GPS

IMUẒ Ȃ 

6.1.2  ԓ ΐ ᴌ  

ҍ GPSȁIMU ꜛᴰ ╠ Ҋ̆LiDAR ץ ҹ

ҹ ҍ LiDAR ȂԊ ҉̆ ԍ LiDAR Ҍΐ Ἕ ⱬ̆ ᾣ

ꜛ ̆Ӟ LiDAR Һ Ȃ 

ҍLiDARӊ ₃ᵥ ῏ ̆ ԅ ȁ ̆ ױ 1.2.1

׃ ѿ֓ ̆ ῤȁ ̆ ԍ Ȃ ≢ ̆ LiDAR

Ҭ ҹ ̆ ҹLiDARԐ ̆ ᵝ ̆ ⌠Ȃҹ



 
 

̆ᾢ׃ Ҋ ῍ ᴆ Ȃ 

Ҋ L ҹ̔ 

p = (1-t)p1 +tp2                              6.2 

ῒҬp1ȁp2ҹ ҉ᴋ ң ȁtҹᴋ Ȃ Ἕ ҉ ҹ l̆ῒ҉ᴋ ѿ

ҹ x = (x, y, z)Ȃ↕ ̔ 

x = ɚRT(p - T)                              6.3 

 6.3̔῀ף6.2

x = ɚRT ((1-t)p1 +tp2 - T) = ɚRT (p1 - T + t(p2 ï p1))             6.4 

6.4ҹ Ҋ ῍ ᴆ Ȃ ↓ѿҩ 6.4̆⌠҈ҩ ̆ᵖ ῀ 2ҩ

tȁɚȂ ̆ ᴆ 3 ̆῍12ҩ ̕ ᴋ

2 ̆№≢↓₮ 6.4̆̓̀ 12ҩ ץ̆ R TȂ 

ᵬ ̆ᾢ ѿ ↓ Ԑ ̆ ȁ ȁֲ ̆

⌠ ҉ ̕ ӊ ₃ᵥ ῏ Ȃ 

6.1.3 ᾩ ғ  

ԅ ԍ ῍ ᴆ 6.4 LiDAR ̆≠

Ӟ Ȃ LiDARԍ Ẓ RLC TLC ̆pCȁpL№≢ҹ

LiDAR Ҋ ̆↕̆ 

pC = RLCĿpL + TLC                           6.5 

╠ Ҋ̆ 6.5̆↓₮6ҩ҉ץ ԋӗ ₮RLC

TLCȂԊ ҉̆ ԍ Ԑҍ Ἕ Ҍ ̆ 6.5ѿ

ҹ ӊ ȁ ӊ ₃ᵥ Ῥ Ȃ ׃ ң Ȃ ѿ

Ṣꜛѿҩ ̆≠ ₃ᵥ῏ [33]Ȃ 

 

 6.1 ̂ [33]̃  

6.1Ҭ̆ Ҭ ѿ Ԋᾢ l̆ Ἕ Ҭ ≢₮ Ȃ Ҭ

l ̆ ⌠ nȂ ᾣ ҹpL = (x, y, 0)Ȃᶛ ̆

0 ┴ ҹy ̆ ҹx ̕ ṿ̆ ₮

x, yȂ ᾣ ҉ ᵝ₮ Lp1ȁLp2Ȃ ῒҬ ̆ ⌠ᵝԍl҉ LpȂ

Ṣꜛnҍ Lp ₃ᵥ῏ ̆  ̔῀ף6.5

nT(RLCĿ
Lp + TLC) = 0                           6.6 



 
 

̂ LiDAR̃ ᵝ ̆≠ Ҍ ni Ҭ Lpĭ ⌠ѿ ↓ ̆

ҍLiDAR ᵝ ῏ Ȃ 

ԋ Ṣꜛԍңҩ ѿ [34]Ȃ 6.2a ̆҈

҉ ₮ ̆ᵬҹ └̕ ѿ ̆ ₮̕≠

‰ Ȃ ⌠ ᾣ̆ LiDAR ᵝԍ

Ȃ 6.2b̆plȁpcȁpr li҉ȂԊ ҉̆ ԍ ̂Һ

ᾣ ᾣ Ҍѿ ҉̃̆ ⌠ ↓₮ ̔ 

min(dl2 + dc2 + dr2)                              6.7 

ῒҬdî i = l, c, r̃ pi ̂ᾢ 6.5⌠ Ҋ̃⌠ li Ȃ

ᴰ ᵝ̆↓₮6ҩ҉ץ RLC TLCȂ 

 

6.2 (a)  (b) ᾣ piҍ li ₃ᵥ῏ ̂ [34]̃  

ԋ Ҋ̆ ԍ ῏ ̆Ӟ ץ 6.4 Ȃ 

ԅ҉ץ ֓ Ӟ̆ ₮Ҍ ̆ Ԑ Ἕӊ

῏ ҹ ₃ᵥ Ȃ ӊ̆ ᴰ ӊ ̆ ѿҩ ȁᵖ

Ҍ Ȃ 

 

6.2   

ꜚ Ҭ̆ ᴰ ̆ ҉ ᴰ ӊ ԑᵝ

῏ ȂԊ ҉̆ ᶏԊᾢᵬԅ ̆ ꜚ ̆

⌠ ᾣ Ԑ Ἕ ᶭ ῃ ‰Ȃ ₃ҩ ̔ ѿ̆ ꜚ Ҭ

ᴰ Ẓ ̕ ԋ̆ ᾣ ⌠GPS/IMU ̆ ӊ

ѿ ̕ ҈̆ Ἕ ┴̆ Ἕҍ ᾣ ῃ ̆ᵖҍῒז

┴ Ԑ Ҍ ῃ ‰Ȃ ׃ ꜚ ᴆҊ ̆ῒ ̆ ҹԅ ᾣ

Ԑ Ἕ ң ‰̆ Ӟ ҹ Ȃ 

6.2.1  ᵲ 2D- 3D 3D- 3D−ᵩ ‼  

ᾣ Ԑ Ἕ ᵬ2D-3D 3D-3D↨ᵣ ‰ ̆ ҹ

ᵀ ῒ̆╠ ᴆ Ẋ̆ 3D ԐҌ Ȃ ̆ ‰ ңҩ ̆

ᾢ ң ̆ ȁ ȁ ȁ ȁḤ ̆

₃ᵥ῏ ԋӗ ᵝ Ȃ 

ῤ ᾢ ΐ̆ꜚ ↕ ⱴԅ ȂҌ ̆ ȁ



 
 

₃ᵥ῏ ҍ6.1.3Ҭ ѿ Ȃ ױ ׃ ԍḤ

[35]Ȃ ȁ ₃ᵥ Ҍѿ Ҭ ̆

̆ Ḥ ₃ӍҌᶭ ԍ ֓╠ Ȃ ҹ P̆ Ἕ ҹu(x, y)̆ Ԑv

P ⌠ Ἕ҉ ҹvPȂ↕ ױ ⌠ ᴨ P̆ ᶏ 2D-2D

ԑḤ ̔ 

Argmax MI(u, vP)                               6.8 

ῒҬ̆ 

MI(u, vP) = H(u) + H(vP) - H(u, vP)                     6.9 

Ἕ H(u) Ḡ Ҍ ҹ̆ ̆ 5.10̕ ԍԊᾢ

̆ P ̆ H(vP)Ӟ ᵌҌ Ȃ↕ MI(u, vP) ṿ ҹ

H(u, vP) ṿ̔ 

   
,

( , ) ( , ; ) log ( , ; )P i j i j

i j

H u v p u v P p u v P=ä                   6.10 

u v 8β ̆↕ i, jŗ[1,256]Ȃ 

Pᶏ H(u, vP) ̆ u v ץ Ȃ u ץ

Ἕ ֦ ̆ ṿ ̆ v ᾣ Ԑ Ἕ҉ ̆ ֦ Ȃ

[35]Ҭ̆ ԅң Ȃ ѿ ̆ ᾣ Ԑ ṿ ̆ ҹ256̆

ľ ֦ Ŀ̕ ѿ ҩ ᾣ ᾣ ̆

̂probabilityof detection, pdet̃ ̆Ῥ ҹ256̆ ľᾣ ֦ ĿȂ 6.3 ѿ

ᾣ Ἕȁ ֦ ҍᾣ ֦ ȂẊ ֦ ҍᾣ ֦ Ҍ ῏̆

̔ 

H(u, ve, vp) = H(u, ve) + H(u, vp)                    6.11 

ῒҬu Ἕ֦ ̆ve ֦ ̆vp ᾣ ֦ Ȃ 

   

6.3 ᾣ Ἕȁ ֦ Ἕ ᾣ ֦ Ἕ̂ [35]̃  

6.2.2  ᾩ ԜҲ  

ҍᴰ Ҍ ̆ ᾣ Ԑ ⌠ ѿ 3D Ҭ̆

ᾣ Ȃ ѿ Ἕ̆

̂ SfM̃ ⌠Ȃ ̆ GNSS/INS Ȃ

̆ ᾣ ѿ ᴪ֟ ᵝ Ẓ Ȃ Ҭ̆

GNSSḤ Ҍᴪ ̆ ᾣ Ԑ Һ GNSS/INSҬ ת ‗ ̕

Ҭ̆ ԍ ȁ ᴰ ̆GNSS Ḡץ ̆

⌠ ᵝᾝ ᵞȂҹḱ ᵝᾝ ̆ Ԑ ̆

ң Ȃ ѿ ≠ Ȃ └ ̆≠ Ἕ ↓ ҈



 
 

ᵝᾝ Ȃ ԍ ӊ ᵝᾝ ̆↕ ῤ ȁ

̆ Ȃ ԋ Ṣꜛ Ἕ ↓ҍ Ԑ ԑ Ȃɰ ᾢ Ҭ҈ SfM

Ἕ ↓ ₃ᵥ῏ ̆ ̆ ֓῏ ᵬҹ ᴆⱴ῀⌠ GNSSINS

ṿҬ̆ ȁGNSSINSᵣ Ȃ ̆ Ԑ ץ Ἕ

ḱ Ȃ ׆ ԐҬ ₮ ̆ ⌠ Ἕ ҉Ȃץ ₃ᵥ

ᴆȂ 

 

6.3  ₉ᵫ  

ꜚ ᵝ ꜚ Ҭ ῏ Ȃ ᴰ Ҭ̆

ѿ Ṣꜛᾣ Ἕ ҈ Ἕ ᵝ Ȃ Ҭ̆ LiDARᵬ

ҹѿ ȁΐ Ḥ ῀̆ ҹ ꜚ ᵝ ᶫ ᴆȂ

ᵥ≠ LiDAR Ḥ ₃ᵥ ᵝ ̆ ῒ ӊҹ

LiDAR₃ᵥ Ȃ 

6.3.1  LiDAR ꜡  

҈ ҕ ҹԋ ̆ ԅ Ḥ Ȃ ᶏ ᵣ₃ᵥ̆

Ἕ ᵝ̆Ӟ ңҩ ̔ ȁ ̆ ᴰ

‗ Ȃ LiDAR ṿ ̆ ᵬҹ Ἕ ᵝ ᾟȂ

ᴰ ᵣ ̆ ᴨל ԍ̆ ̆Ҍ ̕ᵖῒ ̆ ῇ

ҩ ץ ҩ Ȃ ѿ 360£ Ἕ ῃ ̆

LiDAR̆ ҉ ᴰף ᵣ ̆ғ ȁ ҉Ӟ ѿ ᴨ̂ל

ᵬ Ȃ̃p ⌠ᴰ ᵣ ̆ LiDARṿᵬҹ

ᴆ̆ҍ῍ ᴆ ↓Ȃᾢ׃ ѿ Ҥ [36]Ȃ 

ᾢṢꜛ Ἕ ̆ ѿ ↓ ̕ ₃ᵥ̆ ⌠ң Ἕ

ᵝ ῏ Ȃ ᾣ ṿ̆↕ ⌠ ᵣἝ ȂԊ ҉̆

ᾣ ᴪ₮ Ȃ ᾣ Ԑ ̆ ᾣ ᵬҹ

̕ Ạ ץ̆ ҹҬ ̆ Ȃ ῤ ᾣ ̆ Ȃ

̆ ȁ ᶷ ̆ Ȃ ᾣ ⌠ ̆ ץ

̂ 6.4̃Ȃ ⌠ ‰ ̆ᵖ ԍ ѿ֓ᾢ‗ ᴆ̆

ԍ ᵝԍ ҉̕ ↕ Ҭ ₮ Ȃ 

ΐᵣ ̆ᾢ ҍLiDAR ₃ᵥ῏ ̆ Ԑ ⌠ A

Ҋ̆↕ Ԑ ҍᾣ Aa'֜̆ a ̆ ⌠Aa DaȂ Ӈ

̔ 

ɚDa = Xa2 + Ya2 + Za2                            6.12 

ῒҬ(Xa Ya Za) a ᵣ Ҭ 3D ̆ ╠ ֜ᴪ ₮̕ ᶛ

ɚ ̆ ⌠ Ȃ ῀ѿҩ ̆ ⌠ѿҩ Ȃ

ԋӗ̆ Ҭṿ ⌠ ᴨ ɚȂ 

 



 
 

 

6.4 ᾣ ꜛ ̂ [36]̃  

ԋ ≠ ⌠ HȂפ(Xa Ya Za)ҹa 3D ̆ ̆ 

Za = -H                             6.13 

῏ԍ ȂῒҬZa ҹ̔ 

2121

22 )(

XzZx

XtZt
Z zx

a
-

-
=
l

                         6.14 

ɚ ̆T = [tx ty tz]T ̆(x1, y1, z1) and (x2, y2, z2)№≢ a Aȁ

B Ҭ ̕Rҹ ̆ғ (X2, Y2, Z2)T = R[x2, y2, z2]TȂ׆ 6.12 6.13

₮ ɚ̕ ῍⌠῀ף6.12 ᴆ ̆ ᵣᾣ Ҭⱴ῀

ғ̕ ѿҩ ̆ ῀ѿҩ Ȃ≠ Ẋ ̆

҉̆ Ȃ 

6.3.2  ₉ᵫ Ґ  

ױ 5.4.1 ԅbag of visual words̆ ↓ Ἕ ̆

῀ᴋᵥ ₃ᵥḤ Ȃ ῃ ̆ ԅ ῀ ̆Ӟᴪ

ᶏ ⱴҤ Ȃɒ ѿ̆֓ ῖ SLAM ̆ FAB-MAP [37]

CAT-SLAM [38] SIFT ȂᵖSIFTΐ ᵌ Ҍ ̆ ԍ

Ҋ ȁ 3D ̆ Ҋ Ȃ ԅ LiDARԐ̆

ᵝҬ≠ Ḥ ̆ ѿ ̆ ץ̆

≢ ≢ Ȃ 



 
 

 

6.5 ᾣ ꜛ ԍ ̂ [36]̃  

ᾢץ 6.3.1 LiDARꜛ ץ̆ ̆⁞

Ȃ ̆ ѿ ԍ bag of visual wordsȂᶛ ̆

6.5Ҭ̆ ᶷ Ἕ ̆ ҹ ̕ᵖ

ṢꜛLiDAR Ḥ ̆ Ἕ ҹ Ἕ̆ Ṝ

ԅ ₃ᵥ Ȃ 6.5 ᶷ̆ ↕ ⱴ≠ԍ

Ȃ ᵬ ԍ ̆p ԍңᶷ ҌᶃȂ ҍῒז

ᶏ Ȃ 

 

6.4  Ҏ  

6.4.1 ԓ ἥ Ҏ  

ᵣ Ἕ ҈ ҕ ῍ ῖ Ȃ҉ҕ

80 ∆ף Marr₮ ҈ [39] ̆ ѿ ԍӏ ̔ ԅ ̆

Ȃ ̆ ⌠30 ׂ ̆ ԍ Ἕ ҈ ᶭ ѿҩ

ῃ ᾥ Ȃ ׃ ̆ ‗ Ȃ 

ױ ԍ ҈ № ҈ҩ῏ Ȃ ѿҩ ҹ₃ᵥ Ȃ₃ᵥ

̆ ҹԅ ᵝ ȁ ץ̆ ◐֟ ̔ѿ ↓ 3D Ȃ

₃̆ᵥ ҉ Ҭ҈ ׆ ꜚ Ȃ₃ᵥ ҩҺ Ȃ

ᾢ̆ HarrisȁSIFT ̆ ̕ ̆ ῍ ᴆ ̆

̆ ⌠ ᵣἝ ᵝ ῏ ̕ ̆ ̆ ѿ ⌠ Ἕ ҍ

ӊ╠Ἕ ᵝ ῏ Ȃ ̆ῃ ₃ᵥᴨ ̆ ᾣ Ȃ ╠̆₃ᵥ

ҹ ῃ Ȃ ᵣἝ ѿ ̆ ȁ ȁ

̆ ҙ ᴆ Ạ⌠ ₃ᵥ ᵝȂ 

Ҭ҈ ׆ ꜚ Ҭ ⌠ Ἕ ᵝ ῏ ̆

ᵣἝ Ȃ ҈ ԋ ̆ ֓ ᵣἝ ̆ Ȃ

ң Ȃ ᾢ ῖ ̆ ̂ ׂ ҌῬᶏ ̃̆ ῃ

̆ SGM ̆ ῃ ̆ Graph CutȂ ԋ ̆ ң ȁ ԍ



 
 

ӟ Ȃ ̂ ̃ ̆ ᾝ ̂

҂ ̃ ꜚ ӟ₮ ᴨ ᴇ̕ף ѿ ⌠ᵝ̆ ⌠ ̂End-to-End̃ ӟ₮

Ȃ 

ѿ ᵣ Ἕ3D Ȃ ╠̆ ῖ ҍ ӟ

҉ ̆ᵖҺ ҙ ᴆᶭ ץ ῖ ҹҺȂ ⌠2015 ӟ

ԍ ᵣ ̆ᵖ ‰ ҉̆ KITTIȁMiddlebury̆╠ 10 ԍ

ӟ Ȃ ̆ ӟ ԍ̔ ᶭ ץ ⱬȂ҉ץң

ҩ ̆ ѿ̆ ץ ⌠ ⌠ Ȃ

ӟ ᶭ ԍ ᵣ Ἕ Ȃ ̆

ȁ GPU TPUӞᴪ ꜛ 3D ȁᵖῤ

Ȃ ԍ ῖ ῒ̆ Ҭ ᵥ ᾣ ȁ ȁ

ӎ ҉ Ȃ 

҈ ׆ ᵣ Ἕ ҈ Ȃ ⌠ ѿҩἝ

ȂԊ ҉̆ ⌠ Ԑ Ȃҹ

ԅ ѿ̆ ᵣ ̆ғḠ ȁ

ẁ Ȃ Ḃ ̆ ׅ ῃ Ȃ ⌠ ̆

ֲ ȁ῀׃ ꜚ ̆ Ԑ Ȃ ԍ▼ᵩ Ԑ̆ѿ

ᾢ ҈ Ȃ ꜜ≠҈ Ȃ Ἕ Ȃ2D ꜜ

≠ ̆ᵖ ԅ3D̓͂ ̆ ᵣ ῏ ’

Ҋ Ȃ3D ꜜ≠ ↕ ҹ ̆ 3D ῏ Ȃ ̆ Ἕ҉ ҈

╩№₮ Ἕ ץ̆ ᾝ ⌠ 3D҈ ᾝ҉̆ Ȃ

҉ ԍ Ȃᵖ ԍ ̆ ȁ 3D ӈ

̆ᶏ ֲ ץ ᾧȂ 

׆ ↓ Ἕ⌠3D ‗ ץ ҙ ᴆ ₮ Ȃp

ף Ӟ ⌠Ȃ VisualSFM [40]ȂVisualSFMԅGPU

SIFT ȁ ᾣ ȁ ȁ ץ ҙ ᴆSURE №ⱳ

̆ Ȃ 

6.4.2 ԓ Ԝ Ҏ  

LiDARԐ ҈ ᵣ ȁ ⅞ȁ└ ȁ ҙ

Ȃ ȁ Ԑ ȁ ῤ 3D ̆ ץ ⌠

Ἕ Ȃ ̆ҹԅ Ḥ ̆ ╠ Ҭץ

ԐҹҺȂῒҬ̆ ȁ ңҩ ῀ Ȃ 

ᾢ׃ ԍLiDAR Ȃ׆ ᾣ ̂ 6.5.1̃ Ԑ

Ḥ ̆ ѿ ׆ ԐҬ∆ №◓₮ ԍ Ȃ№◓ᶭ

Ԑ ȁ ȁ ῏ ץ ₃ᵥ ̕Ӟ ѿ֓ ӈ№◓ ̆ №◓₮

ץ Ȃ ֓ ⌠ Ԑ ̆ Ԑ№◓ ̆

Ԑ Ȃҹ ⱴ№◓ ̆ ӟ ̆



 
 

ᴆ ȁ ѿ ⱴץ∞ [41]Ȃ 

ԋ ׆ ԐҬ№◓₮ ᵣ ҩ ̂ ԍ ᵣ Ȃ̃ѿ

׆̆ ҩ ̆ ᾢ ҉̆ ҉№≢ ̆ ⌠ ̆

ҩ [42]Ȃ ҈ ֓ Ȃ ֜

1.7 ⌠̆ѿ ̂ridgẽ̆ ѿ Ԑ ̆ ⌠Ȃ

⌠ ȁ֜ ₃ᵥᵣ Ȃ ̆ ԍ Ԑ ҈ ᵬҺ

Ҭ Ԑ ₃ᵥ ῏ Ȃ 

LiDARȂῒ ҍ ᴏȂᾢ№◓₮

Ῥ̆ Ԑ ₃ᵥ ῏ Ȃp ԍ ̆ ԍ LiDAR

ѿ Ȃ ѿ ‗ ᵞ ẁ Ȃ ҍẁ

̆ Ȃ 

Ҭ ᾣ Ԑΐ ᴨלȂ ѿ̆ Ἕ ⌠ ̆

ⱴ̆ ԐҌ Ȃ ԋ̆ ᾣ Ԑΐ ѿ ̆

ԅ   ̂2.5D̃̆ Ӟ ₮ ̆ ̔ ȁ ȁ 

ȁ  ᵣ Ȃ Ҭ̆ ⌠ ᾣ ң ̔

̂discrete-return devices, DRD̃ ῃ ̂full wave recording devices, WRDȂ̃

WRDΐ ̂footprint̃̆ ̆ᵖ ̆ ԍ

  ̆ ⌠  ᵣ ̕ DRD ṿ̆ Ḃ ̆ᵖ

̆ ᴪҡ ѿ֓  ῤ [43]Ȃ 

6.4.3 ԓ ἥ Ԝ Ҏ  

Ṣꜛң ԑ ̆ ≠ Ԑ Ἕ 3D ѿ

ȂẊ GNSS/INS └ ̆ ̆

Һ ᵬ ᵥ Ԑ ᵝ ̆ ῒ Ἕ ̆ Ἕ

̆ 2D-3D Ȃ Ԑ ̆↕ ᵬ ҹ Ȃ Ԑ

’Ҋ̆ Ἕ 2D ̆ ȁ Ἕ ӈ№◓ ̆ ꜛ Ȃ 

ѿ ≠ ң 3D ᵌ ̆ 3D-3D Ȃ ᾢ≠

Ἕ ↓ 3D Ԑ̆ ‰ Ἕ Ԑ LiDARԐ̆Ῥ Ἕ 2D ̆

⌠ Ȃ 

 

6.5  ҅֙ ᾥ 

6.5.1  ᾩ  

ԅ ԅ ᾣ ꜚ ̆ ᾣ ѿ Һꜚ Ȃ

ᾣ ̆ ȂṢꜛ GNSS/INS

̆ ᾣ (Digital Terrain Model, DTM)ȁ

(Digital Surface Model, DSM)ȁ҈ ȁ ⱬ ȁ Ὲ ȁ

ȁ ΐ ⱬȂ 

ᾣ Ҭ̆ ᵣ Ӟ ᾣ ̕ Ḥ ᶫү



 
 

Ḥ Ȃ ᾣ Һꜚ ᾣ ᵣΐ Ȃ ᾣ №

̆ ҈ Ḥ ̆ ᴰ Ạ⌠ Ȃ 

ᾣ ץ Ȃᴰ ᾣ

GNSS/INSȁ ᾣ ‰Ȃ ᾣ ҍGNSS/ INSꜚ ‰Ȃ

ԍ └̆ ᾣ ̆

Ȃ ̆ ᾣ Ҭ Ȃ Ԑ Ӟ

ѿ Ȃ ̆ ֽ GNSS/ INS ̆ⱴ῀ └ ᵣ

Ӟ Ȃ ᾣ ᶫ ҈ Ԑ Ȃ 

6.5.2  RGB- D ғ Kinect  

ᾣ ꜚ ̆ Ԋᾢ ῀ ᴆ ̆ ⌠

ᾣ Ԑ Ἕ Ȃ Kinect₮ ̆ᶏ ץ ᴇ

Ȃ Ҭ̆ Kinectѿ Ἕ ҹ RGB-D Ȃ 

Kinect XBOX360 ̆ ԍ ῤ ȂKinectѿ Ἕ

640Ĭ480 RGB Ἕȁѿ ᾣḤ

ἝȂ ԅ ῤ ᵣ ֲᵣ ȁ ֲ Һ ȁSLAMҬ ⱬ

[44,45]Ȃᵖ ̆Kinect ᾣḤ ⁞ ̆ Ҍ Ȃ 

6.5.3  Ҏ  

҈ ҍ҈ ҉ ℗ ῏ᵖӞ ѿ ≢Ȃ҈ ̔ ׆ ᵣἝ

ᾣ Ԑ ᵣ Ḥ ̕ ҈ Ẋ Ԋ̔ᾢ ᵣ ₃ᵥ Ȃץ

ҹᶛȂ ҈ ̆ Ἕ҉ Ἕ 3D ԐȂ ֓ ԐҬ

֓ ̆ Ҍ ҈ ῏ ̆ Ȃ׆ ҩ ̆

҈ ₃ᵥ Ȃ ҈ ↕ ӈḤ ̆ ȁ ̆ ғ

ԇ ₃ᵥ Ȃ ׆ Ҭ ѿҩľֲ ĿȂ 

҈ ҈ץ ᵬҹ╠ ̆ ̕ ֓҈ Ԑ ҈

̆ ₃ᵥ Ȃ ֓₃ᵥ ץ

₃ᵥ ᵣ̆Ӟ ץ ȁ ᴆȂ ԅ ҍ Ҭ̆҈ └

ȁ ΐ ֟ȁ └ᵬҬΐ ҙ Ȃ 

 

 

 

  



 
 

ȍ ӟ Ȏ 

1. ԍ ̆ ҍLiDAR ‰̆ ҹᴰ ̕ Ἕ LiDAR

Ԑ ‰̆ ҹ ԋץ̕ 3D ̆ ҹ Ȃᵬҹ ҉

Ҋ ̆ ῏ Ȃ ‗ԍᴰ ץ ┴

GNSS/INS ȂẊ ᴰ Ҭ ̆ GNSS/INS№ ᵝ ̆

̔ ᵥ ‰ ᾣ Ԑҍ ᾣ Ἕ̙ 

ץ .2 ԍ ῍ ᴆ ҹ ̆ ԍľ Ŀ ľ Ŀ ῍ ᴆ Ȃ 

3. ̆ ׆ ꜜ≠҈ Ȃ 

׃ .4 ѿ ԍ ҈ ҹᾣ ̂optical flow method̃̆

ᵣἝ Ӟ ᾣ 3D Ȃ ̆ ᾣ

̂ A taxonomy and evaluation of dense two-frame stereo correspondence algorithms, 2002Ȃ̃ 

 

  



 
 

7 Ғ ȁ ӟҍ  

ӈ ѿ̔ ≠ ᾣ Ἕ ᵣ ȁβ ȁ ȁ

ԑᵝ ῏ Ȃ ̆ Ҭ ₃ᵥ̆ ԅľ ԑᵝ ῏ Ŀ̆

ᵬҹľ ӈĿ №Ȃ ̔20ҕ ̆ף70 ̆

ҹľ ҍ Ŀ̆ Ἕ ӊ ԅ Ȃᵖ

҉ ̔ ׂ ῃ ꜚ № Ἕ҉ ӈḤ Ӟ̆

ҙ ᴆ ꜚ ₮ ȁ ľҒ Ŀ̆ ֓ ҈ Ȃ ѿ

֓₃ᵥ҉ ̆ ̂DEM̃ Ἕ̂DOM̃̆ ҹ

‰֟ Ȃ 

ҍֲ ӟ ֜ ̆ ≢ ӟ ̆ ױ

Ḥ ≠̔ ᾣ Ἕ ӈҒ ̆ Ҍ ̕ ֓Ғ

̆Ӟ ҹ ‰֟ ӊѿ̕ ῀  Ȃף

ԅ׃ ‰ ֟ ̆ ӟ ץ̆ ף

Ҭ ╠ Ȃ 

 

7.1   

ף ‰֟ ̆ ҈ ̔DEM̆DOM ̂Digital Line 

Graph, DLG̃Ȃ ֓֟ ΐ ῒ ̆ ȁ ⅞ȁ῾ҙ ⅞ȁ סּ

ȁ ⱬ ȁ֜ ȁ҈ Ȃ ̆ ‰֟ ӊױ ̆ ᵬ

Ғҙ Ғ ꜛ ΐȂ 

7.1.1   

DEM ̆ ѿ ṿ ↓

ѿ ᵣ Ȃ 

↓ Ἕ ₃ᵥ ̆ LiDAR ̆ ѿ ↓

҈ Ȃ ֓҈ ҹDEM ᶫ Ȃ ̆ ̆

GPSȁῃ ȁת ת‰ ̆Ӟ Ȃ ̆ ׆ ҉

DEMȂ 

׆ Ԑ̆ ȁ ȁ ̆ ѿ ԐȂ DEM

Ғ Ȃ ̆ ԍ Ԑ Ȃ ╠̆ Ԑ ѿ

ֲ Ȃᶛ ̆ ԍ ̆ ̆ ῤ Ԑ

Ԑῤ ⌠Ȃ ԅ ԍ ᵣ ̆ ḱ ȁ Ԑ

ֲ ᵬҙȂ 

̆ ▼ᵩ Ԑ ѿ ῤ ҹ ↕ Ȃ׆Ҍ ↕ Ԑῤ

↕ ̆Һ ҈ Ȃ ѿ ҹ ᵣῤ Ȃ ῤ

̆ ѿҩ ѿ ₃ᵥ Ȃ ԋ ҹ№ ῤ ̆ № ̆ Ҍ

₱ Ȃ ҈ ҹ ῤ DEMץ̆ ҹҬ ̆ ӈѿҩ ₱



 
 

̆ ꜚ Ȃ ╠ ҙ ᴆҬ ץ̆ ҈ ̂triangulation network, TIÑ

ҹ ῤ Һ Ȃ ԋ ꜜ≠ ↕̔ ῤ ȁ

ῒ̆ ҈ ΐ ↕ ȁ ȁ ѿ ᴨ̆ל ╠TINѿ ꜜ

≠TIN [46]Ȃ 

2D TIN̆ ↕ ̆ DEM ȁDEM ̂ №

ȁ̃ ȁ ↕ ̆ ⌠DEM ᴆ ҬȂ Һᵣ

̆ ԋ └ ỮȂ ↕ DEM ╠ Ҭ Һ Ȃ 

ṜӞ TIN DEMȂ ԍ ↕ ̆TIN ΐ ᴨ̔ל

Ҍץ № Ȃ ̆ ѿ ̆TIN

Ҍᴪ ̕ ↕ ᶭ Ҍ Ữ ҩ Ȃ

̆ ȁ 3D ̆TIN ֓ Ȃ

↕ Ҍᵝԍ ȁ ҉̆ ⌠ TIN ̆ ѿ ⱴ

Ȃ ̆ ԍ ↕ ̆TIN ȁḱ ᵬ Ȃ 

ҍDEM ᵌ ̂Digital Surface Model, DSMȂ̃DSM

Ԑ Ȃ ̆ ȁ Ḡ ȂDSM ΐ Ȃ

ⱬ ȁ 3D ȁDOM └ᵬȁ ҈ ̆ Ȃ

DEM DSM ԍ ΐ Ḥ ̆ ᴺ ᶫץ̆ Ȃ

7.1aѿ ץ DEM̆ ֦ ̕ 7.1bѿ ץ

DSM̆ Ẓ Ȃ 

   

̂ã DEM                    ̂b̃ DSM 

ᴺץ 7.1 DEM DSM 

 

7.1.2  ἥ 

Ἕ ᾢ̔ Ἕ ₃ᵥ Ῥ̆ Ἕ

̆ ѿ ◄ ἝȂ ԍ ԅḱ ̆DOMΐ

ᶃ ₃ᵥ ̆ Ӟ Ḡ Ἕ Ḥ ȂDOM

ΐ ̆ ȁῈ῍ ⅞ȁ ḱ ȁ ₃ᵥ

ȁץ Ғ Ȃ 



 
 

DOM Ἕȁ ῤ ᵝᾝ ȁDSMᵬҹ ῀̆ ₃ᵥ ⌠

ἝȂ₃ᵥ ῍ ᴆ Ȃ Ȃ ᾢ DOM

̕ ҩ ̂X, Y, Z̃ Ἕ ̆ ⌠

Ἕ ̂x, ỹ̆ ῒҬZ DSM ̕ ̆ Ἕ Ҍᴪᵝԍ Ἕ

҉̆ ѿ ῤ ῤ ↕ ⌠ Ȃ ѿ ҹ ᾢ̆

׆ Ἕ₮ ̆ ᵀ DSM Ȃ ңҩ ̔ѿ

Ԋᾢ DSM ̆ ף ̕ԋ Ȃ

֟Ҭ Ȃ 

ԅ₃ᵥ ̆DOM└ᵬҬ ѿҩ ᾣȂ ἝҬ

̆ ֓ ᾣ ȁ ȁԐ ȁ ̕

ᾣ ȁ ᵝȁ ᴆ ̆ Ἕӊ ⱴ Ȃ

̆ DMC ҙ ̆ ᾣӞ Ҍ ѿҩ Ȃ

ԅ ̆Wallis ѿ Ἕῤ Ἕ ᾣ ȂWallis

7.1 ̔ 

 ( , ) ( ( , ) ) (1 )
(1 )

d
s d s

s d

cv
g x y f x y m bm b m

cv c v
= - + + -

+ -
              7.1 

ῒҬ g(x,y)f(x,y)№≢ҹ Ἕ Ἕ ṿ̆m v№≢ҹ Ἕ ṿ

̆Ҋ s d№≢ Ἕ Ἕ̆c bҹ0~1ӊ Ȃ ̆Wallis

ᶏ̔ Ἕ Ἕ ӊ ṿ ңҩ ѿ Ȃ ԍѿҩ

̆Wallis ̔ᾢ ѿ Ἕᵬҹ ‰̆ ῒ ṿ ̕ ԍ

ῒז Ἕ̆№≢ ṿ ̕ ⌠῀ף 7.1̆ ἝȂ 7.2

Ȃ 

 

7.2 ‰ Ἕ̂ ȁ̃ ᾣ Ἕ̂Ҭ̃ Wallis Ἕ̂ ̃ 

ԅ₃ᵥ ҍ ᾣ̆ Ἕ Ҭ ᵥ Ἕ҉ Ӟ

Ȃ DSM ᵝᾝ ῃ ↕̆ ץ ̆ Ԋ ҉ Ȃ



 
 

ԍ ̆ Ἕ ̆ ≠ ̆ Ȃ

̆ ̆ ᾛ ῤ̆ ӎ

҉Ȃ 7.3 ѿ ҹVonoli [47]Ȃ 

 

7.3 ̂ [47]̃  

7.1.3  ↔  

⅞ ȁץ ῏ ῏ Ḥ

Ȃ ̔ ȁ└ ȁ ᶛ ̕ ȁ ȁ ȁ ȁ֜

ȁ ̕ ȁ ȁ ᶛ ≠ԍ └ ȂῒҬ

ҺᵣȂ Ҭ̆ ҙ ѿ DLGȂDLG ῃ ȁ

̆ҍDOM ̆ ҉ ԅ Ḥ ̆ᵖῒ

ᶏ ⱴ ₮ȂDLG Ӟᶏ ץ Ḃ ȁ ȁ ȁ

ȁ ȁ ⱴ Ȃ 7.4DLG ᶛȂ Ҍ Ҍ

₮Ȃ 

 

7.4 ⅞ ᶛ 



 
 

╠̆ Ἕ└ᵬDLG Һ Ȃ ̆ ȁ

ȁ Ӟ Ȃ Ἕ└ᵬ DLG Ҋ₃ҩ Ȃ

ᾢ̆ Ҭ҈ GNSS/INS ᵣἝ ᵝᾝ Ȃ

̆ ᵝᾝ ᵣ ̆ ҹ ᵣἝ Ȃ ᵣ Ҋ Ȃ

ᵹ ȁ Ẓ ᾣ ᵣ Ἕ Ȃ ̆ DOM҉

DLGӞ Ȃ ̆ ⱴ Ȃ № ҙ

ᵬ ⱳ Ȃ ╠DLG ѿ ֲ ҹҺ̆ ҹ

ꜚ Ȃ 

 

7.2  ӟ 

7.2.1   

ֲ №ҹңҩ ̔ Һӈ ҺӈȂ Һӈ Ȃ Һ

ӈ 1956₮ľֲ Ŀ ̆ ԅ ҩҕ ̕ ԍ ӟ

ԍ ӟȁ ץ̆ Ȃҍ ̆ Һӈ↕ ᴟᴟ̆

ԅᵞ 3 ף60⌠ף40̔ └ [48]ȁ80 ף90⌠ף Һӈ

[49]ȁץ 2006ӊ ľ ӟĿ[50]Ȃ 

ľ └ Ŀ ף̆ ľֲ ᾝ ĿȂԊ ҉̆ ѿҩ

Ȃ ῀ x̆ ₮₱ f (x, w) = ×ҍ y ѿѿ ῏ ̆ ӟ

wȂ ̂ ҹ ̃ ԍ ӟ XOR̂ ̃ ₱ ̆ ץ⌠

ҹ Һӈ ̕ ѿ ֲ ᾝ Ȃ 

80 ̆ף Һӈ̂connectionism̃ ₮Ȃ Һӈ ᶭ

Һ ̆ᵖױזӞ ̔ ץ ᾝ ᵬ Ȃ Һӈ

ҹ̆ ᾝ ѿ ̆ ץ ҹȂ ₮ԅ№ ȁ

ᴰ ̂back propagationȁ̃ľ ̂long short-term memory, LSTMĿ̃ ׂ

ӟ Ȃ ⌠ԅ90ףҬ ̆ ԍ ᾝ ֲ

ҙ ҙⱵ ȁⱴ҉ SVM ȁץ ̆ Ῥ

ԅȂ 

2006̆Hintonֲ [51]̆ ѿ ᾝ

Ȃ ╠̆ ѿҩ ҹ Ҍ ̂ ᴆ ᴆ Ȃ̃

ľ ӟĿ ₮ ̆ ⱬ ̔ ⱬ ѿҩ ̆ ғ

ҩ ץ҉ ҉ Ȃ2012̆ ImageNetҬ̆ ӟ

ѿ̆ ѿҽ ᴰ ӟ 10ҩ № [52]̕ ԋ Ҍ

1%̆ ԅᴰ ҍ Ȃ ̆ Ἕ№ ȁ

ᵣ ≢ȁ ≢ȁ ῏ԍ ӟ ӈ ̆ ӟ ҉ Ȃ 

Һӈ ̆ ҺӈӞ Ҍֲפ ӊ Ȃ ҉

ӟ₮ ᴨ ₱ ̆p ᵥ ץ ӈ̕

ᴰ ȁᴨ ᵬ ӎ ȁ ľ Ŀ Ȃף ᴪ



 
 

ӟ ֲ ᵥ ̆ᶭ ѿҩ Ȃ 

7.2.2   

ᾢ̆ ׃ױ ľ ӟ̂representation learningĿ̃ ȂẊ ңҩ῏ԍ ꜚ

≢ ᴋⱵȂѿҩ ̔ ≢₮ ἝҬ ̕ ѿҩ↕ ̔ ≢ѿҩ

҉ Ȃ ԍ╠ ̆ ױ ֲץ ̂handmadẽ ̆ ╠

Ȃ ԍ ̆ ֲ ↕₃Ӎ ץ Ȃ ≢ ̂ Ҍ

̙̃ Ӈ ̙ ̙ѿ ̆ ԍ ̆ ֲ ⌠

̆ ӟȂ ӟҌ ֲ Ȃ ѿ

↕ ꜚ ӟ₮׆ ῀⌠ ₮ ᴨ Ȃ ӟ ӟ ̆

Ԋ ҉ ӟ ӟҬ ѿ Ȃ ῖ ӟ ԍ № Ҭ̆

̂autoencodeȂ̃ ӟҬ̆҉ץ ľ Ŀҹᶛ̆

῀ ≢ Ἕ ̆ ҉ ̆ ҹ 1̕ ҉ ̆ ҹ0Ȃ

̂∆ ṿ ̃̆ ץ ѿ ↓ ̆ף ᾝ ꜚ

ӟ₮ ᴨ Ȃ ֓ ׆ ῀⌠ ₮ Ȃ 

ԋ̆ ׃ױ ╠ ̂feedforward neural network̃ ̂Multilayer 

perceptron, MLP̃̆ ѿ ῖ ӟ Ȃ╠ ӈѿҩ y = f (x, w)̆ xץ

yҹ ᴆ̆ ӟ w ṿ̆ ⌠ ҩ ᴨ ᵌ₱ f*Ȃ ̆╠ ֽ̔

ֽ w f ⌠ ₮ y̆ yҌᴪ ᵬ ԍ fȂ y ԍ f̆↕ ҹ

̂reccurrent neural network, RNÑȂRNN ԅ ӥ ̆ ױ ׃ MLPȂ 

MLP ҩ₱ fi ̆ f(x) = f3(f2(f1(x)))̆f1 ҹ ѿ ̆ ѿ ҹ

₮ ̂ f3̃̆₱ ῃ ҹ Ȃ ѿ ҉̆ ױ f3 ₮

ԍ y̕ ῒז ҉̆ <x, y> ₮ ᵥ ̆ ֓ ҹľ

ĿȂ ԍ ӟ ľ ӟĿ Һꜚ ӟ

ᴰ Ȃ 

Ҋ ̆ ױ f ΐᵣ Ȃ fᵬҹѿҩ ̆ XOR

Ȃ ̆ Ҭ̆ ῒ ҹѿҩ ₱ ̆ ҹ ₱ ůȂ

ľ Ŀ ֲ ᾝᵬ ̔ 0 ᵬ ᾝҌ ̆1 ᵬ ̆↕

ѿҩ Ȃ ╠̆ ₱ ᾝ̂Rectified linear unit, 

ReLŬ̃ xł = max(0, x)Ȃ ̆ѿҩῖ fi ѿҩ ᴏ Ῥⱴ҉ѿҩ  ̔

fi(x, w, b) = ů(wx + b) = max(0, wx + b)                     7.2 

w ҹ ₱ ̆b ҹẒ Ȃ ⱴ҉ԅ ҩ ₱ ̆ 2

҉ץ ᾝ ץ ӟ₮XOR Ȃ 

ԅ ̆ ₮ ₱ foutΐᵣ Ȃѿҩ ̆ ҩ₱

ᶏ ₮yǋҍῒ y ѿ Ȃ Ҭ̆ ױ p- |y-yǋ|p

̆ ӊҹףᴇ₱ Ȃ ӟҬ̆Ӟ ҹףᴇ₱ ̆ ₱ ̂loss functionȂ̃

ԅ p- ̆ ᵌ ᵀ ₮ ȁ ҍ ֜

Ȃ ̔ 



 
 

fout = L(y, yǋ) = -1/n×[yln(yǋ) + (1-y)ln(1- yǋ)]                   7.3 

̆ Ҭ L-M ᵌ̆ ԍ ₱ Ӟ Ȃ ף

ᴇ₱ ↕ ̔ 

J = L(y, yǋ) + ɚʟ(w, b)                             7.4 

ῒҬyҹ ̆yǋҹ ₮̆Lҹ ₱ ̆Jҹ ₱ᴇף ̆ ҹʟ ↕ ₱ Ȃ

̆ ױ ץ ╠ ᾝ ╠ ̆ 7.1 ( [53] 6.3) 

7.1 Ҭ ╠ ᴰ ₱ᴇף  

_______________________________________________________________________________ 

῀: ̆l 

῀: W(i), iɴ{1,é, l}̆  

῀: b(i), iɴ{1,é, l}̆ Ẓ  

῀: x̆  

῀: y̆  

h(0) = x 

for k = 1,é, l do 

a(k) = b(k) + W(k)h(k - 1) 

h(k) = f (a(k)) 

end for 

ył = h(l) 

J = L(y, yǋ)+ ɚʟ(—) 

_______________________________________________________________________________ 

҈̆ ױ w b ∆ ף ↕Ȃ ̆w∆ ҹ Ȃ ╠

ᴰ ̆ ѿ ⌠ ₮yǋ ҍ y Ȃѿҩ ₱ᴇף

Ҭ wҍbȂ ⌠ ᴰ ↕Ȃ ↕

Ҋ̔ 

 
z z y

x y x

µ µ µ
=

µ µ µ
                                 7.5 

ῒҬ̆z = f(g(x)) = f(y)Ȃ ⌠ ᾝ Ҭ ̆ z = f(g(x)) = f(y)̆

↕ ҹ̔ 

j

ji j i

yz z

x y x

µµ µ
=

µ µ µ
ä                              7.6 

z ҹ ₱ᴇף J̆ x ᵬ Ҭ ḱ w b̕ ↕ ⌠z

ԍ ҩ Ȃ ױ ׃1.3.2 ԅ̆ - ף ̆ῒ

ף xǋ = x + dx̆ ⱴ҉ Ȃ ӟҬ̆ ᵀ ѿҩ

dxȂ ̔ ԅ ҩ ḱ ̆ ӗץѿҩ

ӟ ̆ᵬҹ  ṿ̔ף



 
 

wi = wi + ɚdwi                              7.7 

̆ ӂ ҆ ף ̆ ӟ ҉

⌠ѿ ᴨ w b̆ᶏ ₱ᴇף Ȃ ף 7.2̂ [53]

6.4̃Ȃ 7.17.2̆ ԅ ҩ╠ ᾝ Ȃ 7.2.3Ҭ̆

ױ ΐᵣ ׃ ╠ ᾝ Ҭѿ ̔ ᾝ Ȃ 

7.2 Ҭ ᴰ  

_______________________________________________________________________________ 

╠ ̆ ̔ 

g  NᶯȭJ = ɳ ȭL(y, yǋ) 

for k = l, l - 1, é, 1 do 

ҹ ῀╠ ̔ 

g  Nᶯ J = gŲfǋ(a(k)) 

῏ԍ Ẓ ̔ 

ᶯ J = g + ɚɳ (ʟ—) 

╦ɳ J = gh(k-1)T + ɚɳ╦ (ʟ—) 

Ҋѿ ᴰ ̔ 

g  N ▐ɳ J = W(k)T g 

end for 

_______________________________________________________________________________ 

7.2.3  ᾣ  

ᾝ ̂convolutional neural network, CNÑ ѿ ╠ ᾝ ̆

֓ ѿ Ҭ ף ѿ ӗ Ȃ ҈ҩ

̔ ȁ ῍֣ȁ Ȃ 

1.3.1Ҭ̆ ׃ױ ԅ ҍ ῏ Ȃ ңҩ ֽ ԍ

Ȃ ̆ ӟҬ̆ Ṝ ῏Ӟ ҹ ̆ ΐᵣ ӟ

Ȃ 

≢ԍᴰ ῃ Ȃᴰ ᾝ ӗ Ȃ mҩἝᾝ

Ἕ̆nҩ ₮̆↕ mĬnҩ Ȃ ̆ ױ ̆ ἝҬ ױ ῐ

ԍ Ἕ҉ ѿ ̆ ҩ ἝȂ ֲ ᵣ ѿ ̆ ̂

└̃ Ғ ԍ ֓ ₮ ̆ ̆ ҹľ ĿȂ

k̂ k << m̃ ҩἝᾝ ף ҩ ̆ Ӈ̆ kҩἝᾝ ̆ ₮

Ȃ ̆ ᵬ ֽֽҹkĬnȂ 

῍֣ ⁞ Όᵩ ΐ ӈȂץ ҹᶛȂ ӟ

Ҭ̆ Һꜚ ӟ ҩ ̂ ̃̆ ⌠ ҩ wȂ

ҩ Ҍᵖ ҩ Ἕ ҉ ̆ ғ Ἕᴋᵥ ̆

҉ ῀ ἝҬ Ȃ ֽֽ̆ ӟѿҩ w̆

ᶏ ץ̆ ₮ Ҭ Ȃ ῃ Ҭ ѿ̆ Ҍ



 
 

῍֣ ̆ ᶏ ѿ Ȃ 

ᾝ Ҭ ѿҩ №Ȃ Όᵩ ѿ ̆ ҩ

ᾝ ₮Ȃɒ ̆ Ἕ 4Ĭ4Ἕ Ҭ ҉

ѿҩ2Ĭ2Ἕ Ȃ ₮̆ ῒז № ₮₃

Ӎҹ0Ȃ ֓ ῀⌠Ҋѿ ̙ ҹ ̆↕

ѿ ľ Ŀ ̆ 4Ĭ4 Ҭ ᵬҹ ₮̆ ₮

2Ĭ2 Ȃ ̆ ԅ ֓Ҍ ̆ ⱴԅ ҩ Ȃῒ

ז ľ Ŀ̆ ҩ ṿᵬҹ ₮Ȃ ̆

ᴪᶏ ῀ Ἕ⁞ ̆2Ĭ2 Ἕ ѿ Ȃ 

Ҋץ ѿҩ ԍ Ἕ№ ᾝ ᶛȂ ҹ 8Ĭ8Ἕ

̆mȁn№≢ף Ἕ Ȃ ῀ m¦nҩ 8Ĭ8Ἕ ұ 3D

Ȃ ѿ ̆ ̂ ȁ ȁ ץ ӟ ̃ Ȃ

Ҍ ҹ64 32Ȃ32@8Ĭ8 8Ĭ8׆ Ҭ 32ҩ Ȃ ԋ ̆

Ȃ ̆ ѿ ῖ ҈ҩ ̔ ȁ ȁ Ȃ ᾢ̆

ԍᴋ ѿҩ ̆ ῀ ҉ ᵬ̕ ԍ ѿҩ ₮ ̆

₱ ₮̕ ̆ Ҍ ̆ ⌠ ₮Ȃ

7.5 3ҩ Ȃ҈ ̆ Ἕ ᵞҹ1Ĭ1 Ἕ ̆ 2ҩῃ

̆ ѿҩῃ Ӟ ₮ Ȃ 3Ĭ3 2Ĭ2 ᾝ

₃ᵥ ̂Visual Geometry Group̃ [54]̆ Ӟ

ҹVGGnetȂ 

 

7.5 ᾝ ᶛ 

Ҭ̂ ԍ1.4.3 ׃ ӟ ̃̆ ̂

ԍ ȁ̃ ӟ ȁ Ȃ ֓ Ғ

ӟ Ȃ 

 

7.3 Ғ ᾝ  

7.3.1  ἥ Ҙ  

╠̆ Ἕ ̆ ӟ Ἕ№ Ҭ ⌠ԅ Ȃ2012

ImageNetᶏ ӟ Ἕ№ Ҭ ₮ȂImageNetҬ Ἕ№ ᴋⱵ ̔

∞ Ἕ ԍ ѿ ≢̆ ȁ ȁ Ȃ ҍ Ҭ ľ Ἕ№ Ŀ



 
 

֓ ≢̆ ԍľ Ἕ Ŀ Ȃ Ἕᵣ ̆ ̆ ῒ№

ѿ ӈҌ ̆ Ҭ̆ Ἕ№ ѿҩҩ ̂tilẽ̆ ҩ

512Ĭ512 pixelsȂ Ῥ∞ ҩ ԍ ѿ ֓ Ȃ 

ImageNet ҉ᴰ ᴧ Ἕ̆ Ҍ Ἕ

ἝȂ ֓ ⌠ ̆ Ἕ ̆ Ҍ Ȃ

ױ ׆ ἝҬ ⌠ № ̆ ᴧ Ҭ Ȃ

Ҭ ֲȁ ̕ ἝҬ ȁ ȁ Ȃ 

Ṣ ᾝ ⱳ̆ Ἕ Ἕ ᴏ

CIFARȁImageNet̆ ѿҩ ̆ ү ≢̆ ҩ ≢

Ȃ ӟ ף ̆ Ӈ Ȃ

ҍ ľ ꜚ Ғ └ Ŀ ӊ Ȃ ῒ̆ ImageNet

Ȃ ᾢ̆ ԍ Ἕ ̆ Ἕ ⌠ ᴰ Ȃ ᴰ

ҍ ԑᵬ ⱴ ̆ ѿ ᾣ

Ȃ Ҍᵖ ҌḂ̆ ғ ӟ № ₮

Ȃ ԋ̆ᴧ Ҍ ῃ ᵬ Ȃ ֲ ₮ ҍ ≢̆

ԑ ᴧ ѿҩ ̕p ̆ Ἕ҉

̆↕ Ғҙֲ ∞ Ȃ Ἕ№ ᵞ̆ Ȃ ҈̆

ҍ Ȃ ӊѿ̆

ױ ץ ImageNetȁCIFARҒҙ OpenCV ף Ȃ ╠̆

̆ ȁῈ ῤ Ἕ

̆ ῃ ̆ ҹ ҍ ᵬ ӈ ҉

Ȃ 

ѿ ̆ Ӟױ ⱴ ӟ ⱬ̂generalization abilityȂ̃ ⱬ ̔

ⱬ̂extrapolation abilitỹ̆ Ἕ҉ ⌠ ץ

ԍ Ἕ Ȃ ᵣ ̆ ӟ ӎ ⱬȂ ̔

ӟ ῀ ₮ ӊ ѿ ↓ Ȃ ѿ ῤ

̂interpolationȂ̃ ῤ ҉ ӟ ҍᴶ ̆ᵖ ῒ ԍ ↕ Ṣꜛ

Ȃ 

ҹ ӟ Ҭ ⱬ̆ ױ ң Ȃ ѿ ᶏ̆

ҍ ᵌȂ ╠׆ץ ̆ ̂data augmentationȂ̃

₃ᵥ҉̆ ₃ᵥ ̆ Ἕ ₃ᵥ ̆ ȁ ȁ

ᴏ ̕ ҉̆ Ἕ ȁ ȁ ȁ ᵈȁ ̆

₮ ү ῀ Ȃ ֓ ◐ ԍ ̆

Ȃ Ӟ ׆ץ Ȃ Ἕ ̆ᶏῒ ԍ Ȃ

ȁ ᾣ Ȃ 

ԋ̆ ӟ̂transfer learningȂ̃ ӟӞ№ ң Ȃ ѿ ῃ ꜚ

̆ ̂ ImageNet̃Ҭ ⌠ ̆ ԍ



 
 

ҬȂ ̆ ⌠ № Ȃ ԋ

ᵬҹ∆ṿ̆ ≠ Ҭ Ῥ ץ̆ ̂ ṿ

Ẓ Ȃ̃ ѿ ꜚ ̆ ҹ Ȃ 

ԅ ̆ ӟ ⱬ̆ ױ ץ

Ғ ᴰ ⌠ Ȃΐᵣ 7.5

VGG-Net̆ץ ӟ ̆ GoogleNet [55]ȁResNet [56] Ȃ 

7.3.2  ӎⅎ◙Ҙ  

ԍ Ἕ№ Ἕ ̆ ӈ№◓̂ semantic segmentatioñ ╠ ԍ

ҬȂ Ἕ ӈ№◓ ̔ Ἕ №◓₮ѿ ╠ ץ ̆ Ἕ№◓ҹ

ȁ ȁֲ ῒזȂ ӈ№◓ ӈ ԍᴰ Ἕ№ Ȃ ӟ

ẁ ԍ׆ Ἕ ӟ ̆ Ἕ ӈ№◓ ῒ Ȃץ №

◓ҹᶛ̆ Ἕ ҹ 1ᵬҹ ̆ῒז Ἕ ҹ 0ᵬҹ

Ȃ ӟ ᴋⱵ Ἕ ԋṿ№◓Ȃ ΐᵣ ҉̆ VGG-

NetResNet ῖ ̆↕ᴪ ⌠ңҩ Ȃ ѿ̆ CNN Ἕץ

Ҭ ҹ ̆ ᵬҹ Ȃ ԍ Ἕ ᵬ ̆

̕ ғ̆ᴪ ֟ ץ ᾧ Ἕ ̆ №◓ Ҍ Ȃ

ԋ̆ ԍ CNN ⌠ᵞ׆ ̆ ԍ ӈ№◓ Ԋ ҉ ȁ

̆ ᴪ Ḥ ̆ №◓ Ҍ Ȃ 

ңҩ҉ץ ̆ ң ԅѿ CNN ̆Ғ ԍ Ἕ ӈ№◓Ȃ

ῒҬ̆ῃ ̂Fully Connected Network, FCÑ Ἕ ӈ№◓ ₮

ѿ Һ [57]Ȃ ῖ CNN ӊ Ῥᶏ ῃ ⌠

̆ № ̕ FCN↕ ף ԅῃ Ȃ

̆ ̆ ӊ ̆ⱴ῀ѿҩ ҹľ Ŀ ᵬ̆

҉ ̆ ⌠ҍ ῀ Ἕ Ȃ ̆ ҉ ҩṿ̆ Ἕ҉ ҩ

Ἕ № Ȃ 7.6 ҹ ̂DeconvNet̃[58]̆ ⌠

҉ ȂFCNץ ҌῬ Ἕ № ᵬ̆ ԅ

̆ ѿ ҉ ԅ ӈ№◓ ̆ ̆ ᶭ

Ȃ 

 

7.6 ⱴ῀ ῃ DeconvNet 

U-Net FCN ҉̆ ѿ ԅ ҍᵞ [59]Ȃ 7.7

̆ U-Net Ҭ̆ ῀ Ἕ ᾢ ҩ ⌠№ ᵞ



 
 

̂ѿ ↓ ̃̆ ѿ ↓ ҉ ̆ ҍ

̆ Ἕ Ȃ ҉ Ҭ̆

ᴪ ұ ̂concatenatioñ ̂ ̃̆ ҍ

Ȃ Ҍֽ ԅ Ḥ ̆ ᵞ Ҭ Ḥ Ȃ 

 

7.7 U-Net ̂ [59]̃ȂῒҬ ף ̆ ҉ ₮ԅ ̆ Ҋ

Ȃ ף ׆ ̂ ̃ └ ⌠҉ Ҭ Ȃ 

7.3.3  ⌡Ҙ  

≢ҍ Ἕ ӈ№◓ ѿ ̆p ≢Ӟ Ȃ Ἕ ѿ׆

Ἕ̂ Ἕ ̃Ҭץѿ ᵣ̆ Ҍ ≢ ᵣ ᵝ Ȃ

ӈ№◓ Ἕ ᵬ̆ Ҍ Ȃ ≢ ᵝ₮ľ ᵣҬ

ҩ ᶛĿ̆ ≢Ҭ Ȃ ӟҬ̆ ≢ ҹ ᴨ

Ȃ ̆↕ῒ ↕ҹῒ Ȃ

Ӟ ҹ ̂regressionȂ̃ ҍ № Ȃ ҉ץ Ἕ ȁ ӈ№

◓̆ ≢ ̆ ҹѿҩ№ ̂classficatioñ Ȃ

̆ ҩ ṿȂ ⌠ ֓ ᴨᵀ ̆ Ҭ ѿҩ Ȃ 

ӟ ӊ╠̆ᴰ Ἕ ≢ ѿ ᾢ ̆ SIFT

HOGȂ ꜚ ҽ ̆ Ἕ҉ ̆ Ṝ ̆

֓ ̆ ᶏ № № ȂD ԍ̔ ԍ ꜚ

̆ ̆ Όᵩ ̕ῒ ̆

Ȃ 

ꜚ ̆ ԍṜ ᾝ ̂Region-based CNN, R-

CNÑ ᶫԅ ‗ [60]̆ ҹ ≢ Һ Ȃ ԍṜ

ᾢ≠ ἝҬ ȁ ȁ ̆ ᾢ ₮ ἝҬ

₮ ᵝ Ḡץ̆ ҬḠ ̆ ᵞԅ ᵬ



 
 

ȂR-CNN ᾢ≠ SeletiveSearch [61] Ṝ ̆ ҩ ⌠

῀⌠ CNNҬ̆ ѿ ↓ ᵬӊ ῃ ̆ ῃ ₮ᵬҹ ̆

῀⌠SVMҬ № ̆ ᵝ ȂR-CNN

ԍᴰ ԅ ̆ᵖ R-CNN ҩṜ ̆ ѿҩΐ

2000ҩṜ ἝẠԅ2000 № ׅ̆ Ȃ

̂Spatial Pyramid Pooling Network, SPP-NET̃ R-CNN ҉Ạԅ ѿ [62]Ȃ

₮ ̆ ҩṜ ᵝ ⌠ ҉Ȃҹ ‗

ҩṜ ̆ ῃ ӊ ⱴ῀ SPP̆ ҩ

№◓ ҩҌ ̆ 4Ĭ4ȁ2Ĭ2ȁ1Ĭ1̆ ҩ Ạ Ȃ 4̆Ĭ4

⌠16ҩ ̆2Ĭ2 ⌠4ҩ ̆ ֓

ԅѿҩ ȂῬ ῀⌠ῃ Ҭ ᵬ̆ Ἕ

Ȃ R-CNN SPP-NET ҉̆ ₮ԅ Fast R-CNN [63]ȂҍR-CNN

̆Fast R-CNN ѿҩ ⱴ῀ԅѿҩῐ ̂Region of interest, ROĨ ̆

҉ SPP-NET ̔ ҩ ѿҩ7Ĭ7 Ȃ ̆

ᵬҹ ₱ ѿ № ⱴ̆῀⌠CNN Ҭ Ȃ ᶏ softmaxףSVM

№ ̆ Ȃ 

Faster R-CNN [64]ȁYOLÔYou Only Look Oncẽ [65]̆

Faster R-CNN R-CNN ↓ ̆ ױ ׃ Ȃ 7.8 ̆ ҩ №

҈ҩ Ȃ ѿҩ CNN ̆ ׆ ἝҬ Ȃ ResNet50

ResNet101̆ ץ ImageNet҉ Ҭ ⌠ Ȃ ̆ ResNet

ᵬҹ ̂feature map̃̆ ԍ Ȃ ̆ ҩ ≢ ѿҩ

҉̆Ạ⌠ԅ Ȃ ԋҩ ̂Region proposal network, RPNȂ̃

ԍ׆ Ҭ ╠ Ȃ ᾢ ץ̆ ѿҩἝ ҹҬ ̆

ᶛҌ ̆ Ȃ ⌠Ҍ Ȃ

ҩ ₮ ⌠ң Ȃѿ ԍ№ ̆ ∞

ᴋᵥ╠ ̕ ѿ ԍ Ȃ № ᵞԍѿ ṿ̆

№ ԍѿ ṿ ↕̆ ҹ ѿҩ Ȃѿ ̆Faster R-CNN ₮

╠ 2000ҩ Ȃ ҈ҩ № ῐ ̂Rigion of Interest, RoĨ

₮Ȃ RPN⌠ ̆ ѿ ↓ ᵬ̆ ⌠ ̆ ̆

≢ ΐᵣ ≢Ȃ ̆ RPN₮ ̂ ֓ Ȃ̃

Faster R-CNN̓̀ ҩ ₮̆ ҩ ₮ ₱ ⱴ ̆ ᴰ

̆ף ⌠ ᴨ ᵣ ≢ Ȃ 

╠̆ ԍ ӟ ≢ ԍ ȁ № ȁ ׅ̆

ѿ Ȃ ⱳԍ ӟ ̆ ׆֓ ӟ ₮ Ἕ ≢ ץ

ԍ Ἕȁ Ἕ ἝȂ 



 
 

 

7.8 Faster R-CNN  

 

7.3.4  ᶡⅎ◙Ҙ  

ᶛ№◓̂instance segmentatioñ ≢ ѿ ̔ Ҍᵖ ҩ

ᵝ̂ץ ̃̆ ῤ ᵣ ╠ №◓ȂMask R-CNN [66]

Ӟ ᶛ№◓ ȂῒҬ MaskҬ Ҭ ҹ ̆

ȂMask R-CNN Faster R-CNN ҉ ̆ Faster R-CNN

≢̕ ≠ ῃ ῤ╠ №◓Ȃ 7.9Ҭ̆ RoI

ӊ╠̆Mask R-CNN ҍ 7.8 Faster R-CNN ῃ ȂRoIAlign

ῐ ̆ ╠ R-CNN ԅ ᵬ ԅ ȂMask R-

CNN RoI ≢ ₮̆ ⱴѿҩ ԍ ӈ№◓ ̆

₮MaskȂ ̆ ԅ ᵝȁ ≢ ӈ№◓Ȃ 

 

7.9 Mask R-CNN ̂ [66]̃ 

7.3.5  Ҙ  



 
 

ᶛ№◓ ҹ Ҭ῏ԍľ ≢Ŀ ᴋⱵ̆p Ҭ Ȃ

῏ ᴋⱵӊѿ ҹ ҙ ᶫ Ȃ ֓ ץ

Ȃ ̆ ᵥ׆ Ἕ̆ѿ ⌠ᵝ ̆ Ȃ׆ Ἕ

Ҭ ⌠ ̂end-to-end̃ ̆ ₃Ӎ ᴰ ᶫ

Ȃ ӟ ῀ ҹ ҩ ᴋⱵ ᶫ Ȃ ╠

ᶛ̆ᵖ ֓ ῏ ץ ѿ֓ױ ȂῒҬֲ̆ ᵣ῏ ≢ ῒҬӊ

ѿȂ ֲᵣ ᵬѿ ↓῏ ̆̓͂ ԅ Ȃ ֲᵣ῏ ≢Ҭ

Һ ԍCNN Ȃץ ҍ Ҭ ῖ ҹᶛ̆

ױ ⌠ Ȃ ̆ ⌠Ȃ

֓ ̆ ױ ץ ⌠ ̆ ҍֲᵣ῏ ѿ ᵌӊ Ȃ 

ӊ̆׆ Ἕ⌠ ̆ ╠ׅ ѿҩ ̆ ѿ ῀ Ȃ 

7.3.6  ԓ ӥ ᵩ  

5.3 ץ ≢№ױ6.4.1 ԅ ῖ 2D Ἕ 3D

ᵣ Ȃ ╠̆ ῖ ӟ Ȃ ӟ ᵣ

̆ᵖ ҙ ᴆ ╠ׅ SGM ῖ Ȃ ᵣ҉̆ ԍ ӟ

ң Ȃ ѿ ӟ ԍ ᵣἝ ᴇף ץ̆

ֲף ₱ᴇף ̕ ԋ ⌠ ׆ ᵣἝ Ҭ ӟ₮ ̂ Ȃ̃ 

2016̆ZbontarLeCun₮MC-CNN̂Matching Cost CNÑ[67]̆ ӟ

´ ᵣ ף ᵬȂMC-CNN≠ ᾝ ӟ ᴇȂᴰף ᴇף

֦ ṿ ȁ ῏ ȁ ȁ֜ ̆ ᴇף֓ Ҍ ᴨ ̆ᴪ

⌠֦ ȁ ȁ ȁ Ҍ≠ ᴆ Ȃ ӟ

ᾝ ӟ₮ ⱴ ẫ ᴇȂף 7.10 [̆67] ԅѿ

ᵣ ̂siamese networkȂ̃ ᵣ Ἕ№≢ ѿ ↓ ̆

ѿ ҉Ạѿ ѿ ᵬ̆ ңҩ ᵝ ӗ̆ ⌠ ᴇȂף ҩ

ӗ ҍ Ҭ ľ ῏Ŀ ῃѿ Ȃᵖ ̆ ԍҌ Ἕ֦ ҉

̆ Ҭ ̆ῒ Ȃ ӊ ̆MC-CNN ῒז

SGM₃Ӎ ῃѿ ̆ ᴇף ȁѿ Ȃ ̆ KITTIMiddlebury

‰ ҉ ⌠ԅ ֦ ȁcensusѿ ῏ ᴇף ᵞ Ȃ

̆ ӟ ᵣ ԅ Ȃ ₮ ̆ SGM-

Net [68]ȁDispNetC [69]ȁContent-CNN [70] Ȃ KITTI ҉̆╠30₃Ӎ

ӟ Ȃ 



 
 

 

7.10 MC-CNNҬ ᴇף ӟ 

ᴇף ᵣ ѿ №Ȃ ⌠ ׆ ᵣἝ ӟ₮ Ȃ

2017̆Kendall₮GC-Net̂Geometry and Context Network̃[71]Ȃῒ ̔

ᵬ Ἕ ҈ ̆ 3D Ȃ 3D ӟ₃ᵥҍ ӈ ̆

⌠ ᴨ ̂ 3D Ҭ ѿҩ Ȃ̃ 7.11Ҭ̆ ᵣἝ ᾢ ѿ

↓ 2D ץ ̆ Ἕ Ҭ῍֣ ṿ̆ ѿ ṿ̂ Ȃ̃

ѿ ҍMC-CNN ̆Ҍ ReLU₱ Ȃ ԋ ̆ ֓

ұ ᴇף ᵣ̂cost volumeȂ̃ΐᵣ ץ̆ ҹᶛ̆ ῒ №≢

ҹw h̕ ԍ ҹnȂ ѿҩpixel̆ ῍

n ̆ Ῥҍ n ҩұ ̆ ⌠wĬhĬ(n+1)3D

ȂẊ ҩ ̂ ̃ҹ m̆ ↕ ⌠mҩ 3D Ȃ ҈ ̆≠

3D 3D ӟѿ ↓ 3D ῒ̆ ҹWĬHĬnȂH W№≢ҹ

Ἕ Ȃ ̆ 3D ľ Ŀ̆ ҹ 2 Ȃ ӈԅѿҩ

Soft Argmin₱ 3D ⌠2D̆ ⌠ dłȂ ̆ dǋҍ dӊ

ѿ ᵬҹףᴇ₱ ̆ ᴰ ף ⌠ ᴨ Ȃ ҉ ᴨ̆ל

ᵖ ԍ 2D CNN̆3D ̆ ≢ ץ Ἕᵬҹ ῀ ̕

ῒ ѿ ᶭ ȁ ⱬ GPU TPU ҉ Ȃ 

 

7.11 GC-Net  

 

ԍ ӟ ᵣ Ἕ ҉ ᴨ ̕p Ҍ

Ȃ ԍ ȁ Ἕ̆ ԍ ȁ ῒז ᴰ ᵥ̆

ѿ Ȃ ῤ̆ ӟ ף ῖ ῏



 
 

ӊѿȂ 

ԍ ╠ Ὲ ᶫ ̆ ױ Ạԅѿ ↓ ̆ Ἕ

Ἕ̆ ӟ ԅ ᵀ [72]Ȃ 1̆ ‰῍ѿױ ԅ 5 ȂῒҬ

KITTI2015DrivingҹῈ Ȃ HangzhouM̆unchenVaihingenҹ҈ ἝȂ

≢№ױ ԅ SGMȁSUREᴆȁMC-CNNҍ GC-Net Ȃ ӟ

ᾢ ̆ SGM SUREҌ ȂҹῈ ̆ 1Ҭ№≢↓₮ԅ

ץ ≠ ῒ ң Ȃ ╠ ̆

ῒז ⌠ ԍ ̕ ̆

Ȃ 1Ҭ ṿ ҉ ԍ3 pixelsȂ׆ 1 ץ

̆SGM ԍῒז ₃ Ȃᵖ VaihingenҬ̆ ԅ

̆ Ҍΐ № Ȃ Hangzhou҉̆SURE MC-

CNN GC-Net2%̆ Munchen҉̆MC-CNN GC-Net SURE3~5% Ȃ

1 ⌠ңҩ ̔ ѿ̆ ╠ ԍ ῖ ҙ ᴆҍ ӟ Ȃ

ᶏ ӟ ≠ Ὲ ҉ Ӟ̆ Ҍ ᴆ ̕ ԋ ≠̆ Ὲ

̆ ᵞԅ1% Ȃ ̆

҉̆ ӟ ᵣ ҉ ΐ ⱬȂ 

1 ӟ ҍSGMȁSUREҙ ᴆ  

 KITTI2015 Driving Hangzhou Munchen Vaihingen 

SGM 0.893 0.713 0.896 0.921 0.987 

SURE \ \ 0.968 0.932 0.990 

MC-CNN 0.958/0.960 0.889/- 0.948/0.953 0.960/0.965 0.989/0.992 

GC-Net -/0.934 0.895/0.926 0.949/- 0.969/0.984 0.980/0.997 

 

7.4 ӟ Ҭ  

ӟ ֲȁ Ҭΐ ╠ ̆p ╠ Ȃ ֲ

ѿҩ ӊ ₮ᵖ ᶛȂ ⌠֜ ȁԑ ȁ ҙ ῀

ԅ Ӎ ̆ ֲ ̆ Ӈ ҍ Ҭ̆

ӈḤ ᴪ ѿ ̙ ᾢ ᴪ ָӇ̙ ҹ̆ ꜚ

ѿ ҙ ֟ Ȃ ױ ץ ҹᶛ̆ ֟

Ҭ ΐᵣ ̆ ѿ ׃ ԍ ӟ ӈ Ȃ 

⅞ȁֲ ᵀ ȁ └ᵬ Ҭ ΐ ҹ ӈ̆

ῒ 30 Ȃ ̆ ԍ Ἕ ȁ ȁ ׆̆

ἝҬ ꜚ ѿ ѿҩ ȁ ȂD ҉ ׆̆ ἝҬ

Һ ᵬ Ҭ ̔ ѿҩ ץ ľָӇ ĿȂ 

Ἕ ȁᾣ ȁ ȁ ȁ ȁ ȁ ȁ ȁ ӈ Ȃ ֓ ᴪ

̔ ȁᾣ ȁ ᴆȁᴰ ȁ ȁ Ȃ

ᴰ ӟ 50%̆ ׂӞ ῏ ҙ ᴆ ҕȂ ҕ



 
 

ῤҙ ᵬׅẢ ľ Ŀ └ᵬ Ȃ 

ӟ ̔ ӟ ľ ӟĿ ꜚ ₮ ̆

ֲ Ȃ Ҍ ľ Ŀ̆ ױ № ҈ҩ ̔

Ἕ ӈ№◓ȁ ᶛ№◓ ̆ №≢ⱴ׃ץ Ȃ 

7.4.1   

╠̆ ӟ ף ̆ ↕ ӟ ȂImageNetȁCoCo

Ḇ ӟ Ȃ ӊ̆ ӎ ↕ Ҥ

ȂҹḆ ̆ ױ ѿ ̆ ԅѿ ȁ ȁ №

ȁ / ̂WHŨȂ ̂ 1̃̆

ҩ ᴨԍ ҉ ̆ ԅ ӎ

̆ 2018 2 [73]Ȃ 

2 ҍңҩ ҉  

 GCD (m)  (km2)    

WHU 0.075 460 /   /  

ISPRS [74] 0.05 2    

Inria 0.3 405  ѿ   

Massachusetts [75] 1.00 340  ᵞ  

ң № №̆≢ ҍ Ȃ Ҍ

ȁҌ ȁҌ ȁ 22̓ Ȃ 7.12 Ȃ ֓

̆ ≠ԍ ≢Ҍ Ҋ Ȃ 

     

     

     

     

7.12 ȁ ȁ ȁ  



 
 

7.13 Ἕ ̆̓̀ 1.2̓ №̆≢ ̔ ҈ ĬKONOS̆

worldview↓ Ҍ № ᴰ ̕ ῃ ԓ Ҍ Ȃ ֓

ꜛԍ ᵀ ӟ ⱬ ׆̔ ̆ ԍῒז

ῒז ⱬȂ 

     

     
(a)         (b)          (c) Los Angeles        (d) Ottawa        (e) Cairo 

     

     
(f) Milan          (g) Santiago        (h) Cordoba        (i) Venice          (j) New York 

7.13 ῃ Ҍ ᴰ Ҍ Ἕ  

 

7.4.2  ӎⅎ◙ 

ѿҩ ӈ№◓Ȃ≠ ӟ ӈ№◓ ⌠

̆ ң Ὲ [76,77]Ȃ ԍῃ FCN ӈ№◓ Һ ̆

֓ ԅFCN ̆ ԅ Ȃ ֓ ̂precisioñ ̂recall̃

⌠80% ̆ IoU↕ 70% ̂ 2 Ȃ̃IoU ̔ ₮ Ἕ ҍ

Ἕ ֜ ҍױז ӊ ̕ ӈ№◓ Ȃ ̆ң

ᵬ ԅױז ̆ ԅ ӈ№◓ ̆

Ҍ ᴇ ӟ ⱬȂ ԍWHU ̆ 7.7

U-Net ῒ ӈ№◓ȂῒҬ̆ ҹ 14.5̓ ̆

ҹ4.2̓ Ȃ ⌠ԅ96.6% 84.1%IoŬ 2 Ȃ ף ԅ

╠ ҉ ӈ№◓ Ȃ 7.14 ԅң Ἕ ӈ№◓ Ȃ

Ҭ № ̂╠ ̃ №◓₮ ץ̂ Ȃ̃ ױ Ҋץ₮



 
 

̔ ѿ̆ ӟ Ȃ Һ ᴪ ⌠ѿ ᵬ ̆ᵖ

Ȃ ԋ̆ 2 ⌠ U-net ᴋᵥ Ȃ

№◓ ׅᴪ ѿ Ȃ ҈  ̆96.6% ԅ ꜚ ╠ Ȃҍᴰ

̂ 50%̃̆ ӟ №◓ ԅ40%̆҉ץ

ꜚ ⌠ѿҩ  Ȃף

2. U-Net WHU ҉  [76] ȁ[77]  

 IoU Recall̂ ̃ Precision̂ ̃ 

Unet 0.841 0.966 0.867 

[76]  0.720 / / 

[77] / 0.803 0.815 

 

 

 

7.14 ӈ№◓ ᶛ 

 



 
 

7.4.3  ᶡⅎ◙ 

ӈ№◓ Ἕ ̆ Ҍ ̙ ̙

ⱴ Ȃ ‗ ҩ ⌠ ᶛ№◓ Ȃ ᶛ№◓

ԋҩ Ȃ ᶛ№◓ ңҩῤ Ȃ ѿ̆ ≢̆ ⌠ ѿ ᵣ

ᵝ Ḥ ̂ ̃̆ ⌠ ̕ ԋ̆ ῤ Ἕ

ӈ№◓̆ ⌠ ѿ ╠ Ἕ Ȃ 

╠ ᶛ№◓ ᶫ ̆ ױ WHUῈ ҉̆≠ 7.9

Mask R-CNN ԅ ᶛ№◓ ∆ Ȃ ԍMask R-CNN FCN

̆ ױ ԅ 4̓ Ἕ ᵬҹ ̆ῒ14̓ז ᵬҹ Ȃ

7.15 ԅң Ἕ №◓ Ȃ Ҭ № ᵝ̕ ғ

ῤ ╠ Ӟ ⌠ԅ № Ȃ 

 

7.15 ᵣ ᶛ№◓ ᶛ 

 

3 ԅMASK R-CNN 14̓ Ἕ҉ ̂ ץ̃ ╠ №◓̂

̃ ȂmAP50 ̆ IoU ԍ 50% ᵬ ̆ └

Precission-RecallҊ ̕ 81.9%ԅ ᵣ Ҭ̆ 81.9%

≢Ȃ ԍFCN ӈ№◓ Ἕ №◓ ̆ ױ Ҋ̆ U-

Net Mask R-CNNҬ ╠ №◓ Ạԅ Ȃ׆ 3 ̆

Ҋ̆Mask R-CNN IoU U-Net 3ҩ № Ȃ ԍ ῀Ḥ ̂

̃ ⌠ Ȃ 

3 Mask R-CNN ҍ №◓  

 box Mask 

 mAP50 Recall( ) Precision( )  IoU Recall( ) Precision( ) 

MASK R-CNN 0.788 0.819 0.866 0.829 0.908 0.905 

U-Net / / / 0.801 0.945 0.841 

 

7.4.4   

ᶛ№◓ ץ ‗ѿ֓ ̔ ȁֲ ᵀ ̆p




