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I 
 

   

ꜚ ֲ ᵝҍ ̂Simultaneous Localization and Mapping, 

SLAM̃ ֲ Һ ῏ ӊѿȂᶏ SLAM ԋ

ꜚ ֲ ꜚ Ҭ ⌠ ᶏ Ȃ ֲ ꜚ ⱬ Ҍ

ῤ ̆ᶏ ֲ ҈ Ḥ ̆҈

ԍ ̆ ֲ ץ ҈ Ḥ ‗ ῒ ꜚ ̆

ꜚ Ȃ 

Ἕ ̆ ԍ ᵝ SLAM ₃

ԍ ꜚ ֲ҈ ῤ Ҭ̆ ᵝ

̆ ѿ֓ ғ Ҭ̆ᶛ ̆ ᵝᴪ֟

̆ ᴪ ̆ ֲ ᵝ̆

ᵝᴪ ҈ Ȃԋ Ҋ ԍ ᾣ

ᵝ̂Monte Carlo localization, MCL̃ ᵝ ̆ ₮≠ ԋ

Ҋ ԍ ᾣ ᵝ ‗҈ Ҭ ᵝ ̆ ≠

Kinectᴰ Ḥ ҈ ̆ ԋ Ҋ

ᵝ ױ ⌠Ҍ ┴ ֲ ᵝ ̆ӊ ₮ ֓ᵝ ̆ᶏ

֓ ҈ ̆ ⌠ῃ ҈ Ȃҹԅ

̆ ױ ֲ TurtleBot2 └ ֲ҉ ԅ ̆ ԅ҈

ῤ Ȃ Ҋ̆ᶏ 2014 ₮ RGB-D SLAM

ԅ҈ ̆ ҍ ԅ ̆ ̆

ῤ Ҭ ₮ ҈ Ȃ 

 

ῗ Е ᾣ ̕Kinect̕ ᵝ̕ ᵝ̕҈ ῤ  
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II  
 

Abstract 

Mobile robot simultaneous localization and mapping (SLAM) is one of the key 

technologies to realize autonomous navigation of the robot. Using SLAM technology 

to build the 2D map has been widely used in the autonomous navigation of mobile 

robots. As the mobility of a robot and the complexity of an indoor environment have 

been increasing, the robot must consider the 3D information of the environment. 3D 

map is undoubtedly closer to the real life scene. The robot can determine its mobile 

strategy according to the 3D map information, and can realize better autonomous 

navigation. 

With the development of image processing and computer vision technology, the 

SLAM based on visual localization is widely applied in the robot indoor 3D map 

building. However, the real-time performance of visual localization is poor. Meanwhile, 

in feature-less and highly symmetrical environment, for example the corridor, visual 

localization will produce feature matching error. The feature matching error will bring 

cumulative error, which result in wrong localization. The wrong localization will affect 

the quality of the 3D map. The Monte Carlo localization(MCL) based on lidar in 2D 

map can achieve a higher localization accuracy. Therefore, we propose using MCL 

based on lidar in 2D map to solve the localization problem while using a kinect to 

collect 3D environment information. Localization in 2D map can afford us the robot 

poses at different times. Then the transformation matrix between these positions can be 

solved. By using these transformation matrix, the local 3D map can be merged one by 

one. At last, we can get the global 3D map. To study the performance of the proposed 

method, we make some experiments on robot TurtleBot2 and self-made robot and 

build 3D map of a corridor. And then comparing the experimental result with the 3D 

map that built by RGB-D SLAM provided in 2014. The experimental results 

demonstrate that our method has better effect in the indoor corridor environment. 

 

Keywords: lidar; kinect; visual localization; MCL; 3D indoor map building
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҅      

1.1 ғ ӎ 

̆ῃ ȁ Ἕ ȁֲ

ҍ ̆ ֜ ꜚ ֲ ₮ ױֲ

ӊҬ̆ɒ ֲȁ ֲȁד ꜚ ֲ [1] [2]Ȃ

ľ ꜚ ֲ ѿ ᴰ ȁ ̆

Ҭ ꜚ ꜚ ׆̆ ѿ ⱳ ֲ Ŀ̆ῒҬ

ᵝҍ ̂Simultaneous Localization and Mapping, S LAM̃ ꜚ ֲ

ꜚ ῏ [3]Ȃ 

ֲ ꜚ ῒ ‗ ꜚ ֲ ҈ҩ 1̔ȁ

̙2ȁ ̙3ȁ ᵥ ̙ ѿ ԋ ԍ Ҭ

ᵝ ̆ ҈ ԍ ꜚ Ҭ ⅞ [4]Ȃҹԅ ҩ҈҉ץ‗

ꜚ ⱳ ̆ ֲ ̆ ғ

ᵝҍ ᵝ̆ ֟ ԅ ѿҩ ̔ ̙ ľ̆

ԍ Ҭ ֲ ᴋⱵ ̆ ҳ ңҩ ԑᶭ ȁ ԑ῏

̔ҹԅ ֲ ᵝ̆ ֲ Ḥ ̕ҹԅ

‰ ̆ ֲ Ҭ ҩ ┴ ᵝ Ḥ S̆LAM

Ŀ[5]Ȃ 

Ἕ ̆ ԍ ᵝ SLAM ₃

ԍ ꜚ ֲ҈ ῤ Ҭ̆ ᵝ ̆

ѿ֓ Ҭ̆ᶛ ̆ῒ ғ ̆

ᵝᴪ֟ ̆ ᴪ ̆

ֲ ᵝ̆ ᵝᴪ ҈ ̆҈

ᴪ ֲ ⱳ ̆‰ ᵝ ꜚ ѿ

֟ Ҥ Ȃ ԍ ֲ ԋ Ҋ ԍ ᾣ ᵝ

ᵝ ̆ ̆ ₮≠ ԋ Ҋ ԍ ᾣ ᵝ

‗҈ Ҭ ᵝ ̆ ≠ Ἕ Ἕ Kinect
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ᴰ Ḥ ҈ Ȃ 

ᴰ ԋ Ḡ ԅ Ҭ ԋ ᵝ ȁ ̆

₃ᵥḤ ̆ RGB-DḤ ⇔ ҈ ↕ ԅ Ԑ̆ ԐҬ

Ữ ҩ ΐ ᵝ Ḥ ̆ ץ ԍ ҈ Ҭ ᵣ Ȃ

҈ Ԑ Ҭ̆ ֲ ץ ȁ Ҭ ᵝ̆

ֲ ҈׆ץ Ḥ Ҭ ᵬ ᵣ ᵝ Ḥ ׆̆

ᶏ ֲ ҈ Ҭΐ ꜚ ᵬҙ ⱬ̆ ץ ꜚ ֲ҈

ѿҩΐ ӈ Ȃ 

1.2 Ὺ  

ԍ ᵝ ҈ ₃ ꜚ ֲ SLAM

Ȃ ׆ Microsoft 2010 Ҋ ῒ RGB-Dᵣ ᴰ

Kinectӊ ̆ ԍ Kinect ҈ Ȃ ԍ≠ ᾣᴰ

ԋ ̆ ԍ RGB-Dᴰ ҈ Ҍֽ ᶫ

̆ ץ ᵣ ≢ȁ ᵝ ȁ└ᵬ ӈ ѿ ↓ ᾣᴰ

ⱳ Ȃ 

P.Henry[6] ֲ 2010 ₮ѿ ԍ RGB-D ICP ̆ ᶏ ICP

Ἕ Ԑ ‰ ҈ ῤ ̆

KinectҌ ׆̆ ҈ ̆ ᵞ ᵝ Ҭ

Ȃ ̆ Ҍ ̆ᵖ ꜚ ֲ

ֲ ᶫԅѿ ῃ Ȃ 

Audras[7] ֲ 2011 ₮ԅѿ RGB-Dᴰ ᵝ ̆

̆ ╠ Ἕ ᾥ ̆

⌠ ԍ Ἕ ̆ Ȃ 

F. Endres[8] ֲ ₮ RGB-D SLAM ̆ ҍ P.Henry ᵌ̆

≢ ╠ 2.5D ᴨ ̆ ↕  g2o 3D

ᴨ ̆ ᴨԍ╠ Ȃ ҉̆ң

Ҍѿ ̆╠ ֟ Ԑ ᾝ ̆ ≠ ᵣ ̆⇔

ԍ ᵝҍ Ȃ 
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Stuckler[9] ֲ ₮ѿ ԍ Ԑ ̆ Ḥ ⌠

ῇ ̆≠ ңҩῇ ῏ ̆ ICP

Ȃ 

̆ ֓ ῤ ꜚ ֲ ԍ RGB-D ᴰ ҈

Ӟ ҍ Ȃ 

[10] ֲ ₮ ֲ 3D V-SLAM ̆ BRIEF[11]

FAST[12] ORB[13] ҍ ̆ ’Ҋ

Ἕ ̆ ᶏ g2o ᴨ ֲ ᵝ ᴨ ׆̆

3D V-SLAM ̆ 3D ᵀ ₮ ֲ ꜚ Ȃ 

[14] ֲ ₮ѿ ≠ ӊ ῏ ᾢᶏ RANSAC ̆ Ῥ

G-ICP ̆ ῤ҈ ̆ ≠ ῇ

҈ № Ữ̆ ᵞԅ҈ Ԑ Ữ Ȃ 

↔ Ҽ [15] ֲ ₮ԅѿ ԍ ᵀ ҍ Ḥ VO-EIF 

SLAM ̆ ԍԋ └ ῏ ҍ ₃ᵥ

̆ ԅ ̆ ҈ Ȃ 

1.3 Ӏ Ὺ  

Һ ᵬ ԍ ԍԋ ᵝ ҈ ῤ ̆

ᵝ RGB-D SLAM Ҭ ֲ ᵝ ̆ ₮ԅ

ѿ ῤ҈ ̔ᶏ ԋ Ҋ ԍ ᾣ ᵝ

‗҈ Ҭ ᵝ ̆ Kinectᴰ Ἕ

Ἕ ҹ ҈ ̆≠ Ҍ ┴ᵝ ҈

̆ ⱴ‰ ῤ ҈ ȂҺ ῤ Ҋ̔ 

̂1̃ RGB-Dᴰ Kinect ῏ ԍ ᴰ ᵝ ץ

RGB-D SLAM Ȃ 

̂2̃ SLAM ӊѿ ̆ ׃ ̆

ῒ Ȃ 

׃3̃̂ ROS ֲ ᵬ ̆ Linux Ҋ ᵬ ̆ ≠

ROS ῤ҈ Ȃ 
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̂4̃ ԋ Ҋ ԍ ᾣ ᵝ ҈

ԍ ԍ ᵝ RGB-D SLAM ҈ Ȃ 

1.4  

Ҋ̔ 

ѿ ̔ Ȃ ȁ ӈ ꜚ ֲ SLAM

’ ̆ ῤ Ȃ 

ԋ ̔RGB-D SLAM Ȃ׃ Ḥ ᴰ

Kinect̆ ῒ ᵬ ȁ Ԑץ Ἕ Ȃ ׃ ԅ RGB-D 

SLAM Ҭ № ΐᵣ ԅ Ȃ 

҈ ̔SLAM ᵝȂ ̆ ׃

̆ ῒ Ȃ 

̔ ԍԋ ᵝ ҈ ῤ Ȃ

ᵝ RGB-D SLAM Ҭ ֲ ᵝ ῒ ҈

֟ ̆ ₮ԅѿ ῤ҈ ̔≠ ԋ Ҋ

ԍ ᾣ ᵝ ‗҈ Ҭ ᵝ ̆

Ἕ Ἕ Kinectᵣ ᴰ Ḥ ҈ Ȃ 

ԓ ̔ ԍԋ ᵝ ҈ ῤ ҍ Ȃ׃

ԅ ᴆ ᴆ ̆ № ԅᶏ ≠ ֲ Tur- 

tleBot2 ҈ ῤ ȁᶏ RGB-D SLAM ҈ ῤ

ᶏ ≠ └ ֲ ҈ ῤ ҈ҩ

Ȃ 

Έ ̔ ҍ Ȃ № Һ ᵬẠ₮ ̆ Ӟ ץ

Ạ Ȃ 
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ԑ   Kinectᴶ RGB-D SLAM  

Kinect MicrosoftῈ 2010 Ҋ ѿ ᵣ ᴰ [16][17]̆

ᶫ ̂RGB̃ ̂Depth̃ Ἕ ҈ Ἕ ȂKinect

Ҭ ᴇ ̆ᶏ ꜚ ֲ҈ ῤ ѿ

ҍ Ȃ ᾢ׃ ԅ Kinect ᵬ ȁ Ԑץ Ἕ

̆ ׃ ԅ RGB-D SLAM Ҭ № ΐᵣ

ԅ Ȃ 

2.1 Kinectᵩ ᴶ  

2.1.1 Kinect ᵲ  

Kinectᴰ 2-1 Ȃ 3ҩ ̆Ҭ ҹRGB ̆ ҹ

Ԑ ̆ ҹ CMOS Ȃ 

Kinect ⌠ Ἕ 24ᵝ RGB Ἕ̆№ ҹ640 480³ ̆

ҹ30HZȂ ҈ ᴰ ῒ̆ ҹ57 ̆

ҹ 43 Ȃ ᴰ Ἕ ҹ0.7m⌠6m̆ῒ

Ҭ1.2m⌠3.5m Ȃ≠ Kinect RGB Ἕ depth

Ἕ 2-2 Ȃ 

 

2-1  Kinect 
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2-2  Kinect Ἕ Ἕ 

 

ᶏ ѿ ױ RGB Ἕ̆ ױ ⌠

̆ Ȃɒ ≠ ׆ ꜚ̂ Structure 

form Motion̆ S FM ȁ̃ ̆ ֓ ‰

Ḡץ ȂľKinect ԅץ ↓ primesense[18]Ὲ ᶫ Light Coding [19]̆

ᶏ Kinect Ἕ Ἕ Ḥ Ȃῒ

Light Coding ᴰ Light Coding Ҍ ̆D ̂Time of Flight, 

TOF̃ ҹ ‖ ̆Kinect ҹ ȂKinectᶏ

ѿ CMOS ᾣ └ ̆ Ӟ ῒᴇ ᵞ ȂľKinect ᶏ

Light Coding ᾣ ̆ ᶏ ᾣ ᵬҹᾣ ̆

̆ ̆ῒҬ ᾣ ᾣ ⌠ ᵣ

Ȃ ֓ ԍῒ ᴪ Ҍ ̆

ᾣ ᵣ҉̆ ᵣ҉ ץ ᵣ Ҭ ᵝ Ŀ[20]Ȃ 

2.1.2 ἥ  

Ἕ ȁ ֜ ̆

ᶏ ̆ 2-3 ȂCҹ҈ ̆cҹ

ԋ Ἕ ̆ f ̆P ҈ Ҭ ᴋ ѿ ̆ῒ

ҹ p=[x,y,z] p̆ P ԋ Ἕ ҉ ῒ̆ p=[u,v,d]
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̂uȁvҹἝ ̆dҹ Ȃ̃ 

 

2-3  

 

2-3 ̆ Ҭᴋ ѿ ᵝ p=[x,y,z] ἝҬ Ἕ

ᵝ p=[u,v,d] ῏ ̂2-1̃̂ 2-2̃̂ 2-3̃ ̔ 

 
x

x

x f
u c

z

Ö
= +  ̂2-1  ̃

 
y

y

y f
v c

z

Ö
= +  ̂2-2  ̃

 d z s= Ö ̂2-3  ̃

ῒҬ̆ xf ȁ yf XȁY ңҩ ҉ ̆ xc ȁ yc ᾣ

Ҭ ̆s Ἕ ̆ KinectҬῒṿҹ 1000̆ ҉ ҈

⌠̔ 

 ( ) /x xx u c z f= - Ö  ̂2-4  ̃

 ( ) /y yy v c z f= - Ö  ̂2-5  ̃

 /z d s=  ̂2-6  ̃

̆ ױ xf ȁ yf ȁ xc ȁ yc ҩ ӈҹ ῤ CȂKinect
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ᶫ ῤ ҹ̔ 518.0xf = ̕ 519.0yf = ̕ 325.5xc = ̕ 253.5yc = ̕

1000s= ̆ᵖ ҹԅ ᵝ̆ Kinect Ȃ ῖ

[21]̆ ̆ ̆ ᵬ ̆ ԍ ̆

Kinect ῤ Ȃ 

’Ҭ̆ ѿ֓ ̆Һ ҹ ̆Ӟ

ᴪ ℗ ̆ Һ ̆Ẋ ( ', ')u v ̆

( , )u v ӊ ̔ 

 '' ( ', ')uu u u vd= +  ̂2-7  ̃

 '' ( ', ')vv v u vd= +  ̂2-8  ̃

dҹ ̆↕ ̔ 

 
2 4

' 1 2( ', ') ' 'u u v k u r k u rd = +  ̂2-9  ̃

 
2 4

' 1 2( ', ') ' 'v u v k v r k v rd = +  ̂2-10̃  

ῒҬ
2 2 2' 'r u v= + ̆ 1k ȁ 2k ҹ ̆ ῏̆

ױ ῤ ̆ ғҍ Ἕ № ῏Ȃ 

2.1.3 Kinect  

≠ Kinect Ἕ Ḥ ̆ ԅ Ḥ ױ

⌠ Ҭ ᵝ Ȃ Kinectץ Ἕ Ҭ ҹ

̆ Ἕ ҹX ̆ ↕

Y Z̆ ԍ Ἕ ῒ̆ ҹ׆ Ἕ Ҭ ᵣȂ 
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2-4  

 

2-4Ҭ̆ ҈ ңҩ ̆ѿҩ ѿҩ

Ȃ ᵣᵝ ̆ Ҋῒ ̆ ᵣᵝԍ ̆

ᴪ X ҉ᴪ֟ ѿҩ Ȃ ҈ ᵌ ̔ 

 
0

0

kZ ZD

b Z

-
=  ̂2-11̃  

 
k

d D

f Z
=  ̂2-12̃  

(2-11) (2-12)Ҭ̆Dҹ ᵣ ꜚ ̆bҹ

̆ f ҹ Kinect Ἕ ̆ d Ἕ ̆ ҉

ң ̆ D̆ ̔ 

 

0

01
k

Z
Z

Z
d

fb

=

+
 ̂2-13̃  

̂2-13̃ Ҭ 0Z ȁ f b ‰ ⌠Ȃ f Ҭ

ṿ̂ Z ̃῍ ‗ ԅ Ἕ Ȃ Ἕ

₮ XȁY ̆ ̂2-14̃ ȁ̂ 2-15̃ ̔ 
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 0( )k

k k x

Z
X x x

f
d=- - + ̂2-14̃  

 0( )k

k k y

Z
Y y y

f
d=- - + ̂2-15̃  

ῒҬ̆ 0x 0y ԋ Ἕ ̆

ῤ ̆ kx ky Ҭѿ ԋ Ἕ ҉ ̆ xd yd

Ȃ ̂2-13̃̂2-14̃̂2-15̃ ץ ⌠ Ҭ

ᵝ ( , , )k k kX Y Z Ȃ 

2.2 RGB-D SLAM  

MicrosoftῈ 2010 Ҋ ₮ Kinectӊ ̆Microsoft

Washington ȁCarnegie Mellon Freiburg Kinect҉ ԅ

̆ ԅ ꜚ ֲ ᵝȁ ꜚ ҬȂWashington

ᶏ ԍ ᴨ TORO ≠̆ ᵝҍ

҈ Ȃ Freiburg ᵌ ̆ ԅ

ᶏױז̆ g2o[22] ᴨ ᵝ ᴨ ̆ ᶏ SURF

Ԑ ӊ̆ Carnegie Mellon Freiburg

ԅ ̆ ₮ ╠ ꜚ ֲ RGB-D SLAM[23] ̆

2-5 Ȃ 
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2-5 RGB-D SLAM  

 

RGB-D SLAM Һ Ҋԓҩץ ̔ 

̂1̃ ҍ ̔≠ ᶛ SIFTȁSURF Kinect ⌠

ἝҬ ֓ Ȃ 

̂2̃∆ ꜚᵀ ̔ ѿ ᴪ ѿ֓ ̆≠ RANSAC

ӊ ̆ ∆ ꜚᵀ Ȃ 

̂3̃∆ ᵝ ᵀ ̔ ԋ ⌠ ꜚᵀ ṿᵬҹ∆ṿ̆ᶏ ICP

Ԑ ̆ ∆ ᵝ ᴨ Ȃ 

̂4̃ ᴨ Ҍץ̔ ┴ ᵝ ᵬҹ ̆ ҍ ӊ ᵝ ῏ ᵬҹ ̆

̆ ≠ ᴨ ̆ ῃ ѿ Ȃ 

̂5̃҈ ̔ ῏ ̆ Ҍ ┴ ᵝ Ҋ

Ԑ ̆ ҈ Ԑ ̆ ≠ OctoMap ҈ Ԑ ҹ

ԍᵣ ҈ Ȃ 

Ҋ RGB-D SLAM Ҭ ҩ № ᶏ Ȃ 
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2.2.1 ғ  

Ἕ SIFT̂ Scale-invariant feature transform̃[24][25][26]

ȁSURF(Speeded Up Robust Features)[27][28] ȂSIFT Ἕ

ȁ ȁ ᴏ ΐ Ҍ ̆ ᶏ ̆ Ἕ֦

ׅ̆ ⌠ Ȃ ѿҩ ѿҩ 128

̆ ̆ SIFT ᾣ

Ҍ ̆ ԍ SLAM Ҭ ̆ ץ Ҍ ᶏ Ȃ

SURF SIFT ̆Һ ᵣ ҉̆ ҩ ѿ

ҩ 64 ̆ ץ ̆ ΐ Ȃ

≠ Hessian Ἕ ṿ ̆ᵖ ῒҺ

̆ ᴪ ⌠ Һ Ҍ ‰ Ȃ ⌠

ꜚ ֲ 3D SLAM ̆ ױ

SURF Ȃ 

ԍSURF ҍ 2-6 Ȃ 

 

 

2-6 SURF  

 

҉ Һ №ҹңҩ ̔ 

̂1̃ ̔ ᾢ≠ Hessian ̆ Ἕҍ Ἕ ṿ̕

ṿ ҹ ṿ̆ ҹ Ȃ 

̂2̃ ̔ ᾢ Һ ӊ̆

̆≠ ңҩ ᵌ ңҩ ҹң ἝҬ
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̕ ң ῂ ṿҹ ̆ ѿҩ ṿ̆

ҩ ṿ ԍ ṿ ҹ ңҩ Ȃ 

2.2.2 ᵣ ᵆ  

ѿ RANSAC (Random Sample Consensus)[29] ѿ׆

ṿ Ҭᵀ ῒ ף ̆ ԍ Ἕ Ҭ

Ҭ ѿ֓ ׆̆ Ȃ 

RANSAC ԍ ѿ Ẋ ̔ Ҭ ῤ ̆ ֓ῤ

ѿҩ ̆ Ҍ ҩ ȂRANSAC ῀ѿ ȁ

Ȃ ᾢ Ҭ ̆ Ẋ

֓ ῤ ̆ ֓ ᵬҹ∆ ̕ ҩ

Ҭ ▼ᵩ ̆ ṿ ῤ ∆ ̆↕

ҩ ῤ ̆ ↕Ҍ ̕ ῃ ̆ ⌠ ῤ ̆↕

̆ ↕ ҉ ȂRANSAC ΐᵣ 2-7

Ȃ 

 

2-7 RANSAC  
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2.2.3 Ԝ  

ף ̂Iterative Closest Point, ICP̃[30] Ҭ ‗

3D Ԑ ῖ ȂICP Besl Mckay 1992 ₮̆

ѿ ԍ ̆ ԍ ңҩ ӊ ῏ Ȃ RP

LP ң ҈ ̆ῒҬ , , ,1 2{ }R r r rnP P P P= ̆ , , ,1 2{ }L l l lnP P P P= Ȃ

ױ ᶏ ICP ₮ң ῏ ̆ᶏ̂2-16̃ ̔ 

 R LP RP t= + ̂2-16̃  

̂2-16̃ Ҭ R 3¦3 ̆ [ , , ]T

x y zt t t t= 3¦1 ȂICP

ᶏ ⌠ R t ̔ 

 

2

1

min  ( )
n

ri li

i

d p Rp t
=

= - +ä  ̂2-17̃    

ICP Ҋ̔ 

̂1̃ ҈ RP LP ̆ Ҭ ̆

̕ 

׆2̃̂ RP LP Ҭ ҈ ̆ R t̕ 

̂3̃≠ R t LP ҹ 'LP ̆ 'LP Ҭ ⌠ RP Ҭ

d̕ 

̂4̃ d ԍ ṿ̆ ҉ץ ̆ ⌠ d ԍ ṿ

⌠ ṿ ̆ Ả Ȃ 

2.2.4 g2o ᴮ  

g2o(General Graph Optimization)̆ ᴨ Ȃ ꜚ

ֲ ̆ ⌠ Ҭ̆׆ ҹ

₱ ṿ ̆ ᴨ Ҭ̆ ꜚ ֲ ῤ ᵝ

Ạ Ҭ ̆ ӊ ̂ ף↕̃ ᵝ Ȃ 

ԍᵀ ̆ᵝ Ҍ ῃ ѿ ̆ҹԅ
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ῃ ѿ ̆ ᶏץ g2o ᵝ ᴨ Ȃg2o ѿҩ ᴨ ̆

ץ ᵝ Ҭ ₱ ṿ̆ ₱ Ҋ ̔ 

 
,

( ) ( , , ) ( , , )T

i j i j ij i j ij

i j c

F X e x x z e x x z
< >Í

= Wä  ̂2-18̃  

ױ ⌠argmin ( )F X ̆ ̂2-18̃ Ҭ ( )F X ҹ ᴨ ₱

̆X ף ᵝ ̆ ijZ ijWף ix ҍ jx ӊ ṿ Ḥ ̆Ӟ

╠ ᵝ ̆ ( , , )i j ije x x z ᵝ ix ҍ jx ijZ

₱ ̆ 0e= ̆↕ ix jx ῃ ijZ Ȃ 

ῒ ҉ ҉ ѿҩ BA(Bundle Adjustment) ̆ Ẋ Ҭ ѿ

P ң ἝҬ 1p ̆ 2p ̆ ׆ ѿ ᵝ ⌠ ԋ ᵝ

Rȁ t̆ Ἕ ῤ K ̆↕ ̔ 

 
1 1

2 2 ( 1)

p KP

p K RP

l

l

=ë
ì

= +í
 ̂2-19̃  

ῒҬl ̆ ҹ 1p ȁ 2p ȁK ̆ Rȁt ȁp̆

ץ Ҋ ̆ῒҬ i i ҩ ̔ 

 

2
2

1 1 2 2
, ,

1

min ( )
N

i i i i

i i
X R t

i

p KP p K RP tl l
=

- + - -ä  ̂2-20̃  

BA ץ g2o ̆ ԍ҉ ᴨ ̆ ӈ

ⱴ⌠ᵝ ̆ ≠ץ g2o ᵝ ᴨ Ȃ ᴨ ̆

₮ᴨ ᵝ ̆ ᴨ ᵝ Ȃ 

2.2.5 OctoMapҎ ᵩ ∕  

OctoMap[31] ѿҩ ԍῇ ̂Octreẽ ̆ ץ

҈ ≠̆ OctoMap ױ ᴨ ȁ ҈ ̆ ғ№ Ȃ

Ԑ̆ Ҋ Ȃ 

Octree ѿ ԍ ҈ ̆ ѿҩ ף ѿҩ
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ᵣᾝ Ȃῇ ѿҩ ף ̆ ᾢ ᵣᾝ ᵣ ̆

Ҭ ҩ ᵣᾝ № 8ҩ ᵣᾝ ̆ ױ ԅ 8ҩ ̆

ᵣ ԍ ṿ̆↕ ⅞№̆ ⌠ᾝ ᵣ ԍ ԍ ṿ ̆

ҩ ᵣᾝ ᵣ ף ԅῇ № Ȃ ҈ Ҭ̆

’Ҋ̆ ױ ץ ῇ Ҭ ᵣᾝ Ȃ ῇ

Ҭ ѿҩ ᵣᾝ ҹ ̆ Ӈ ῇ Ҭ ῏ ∆

Ȃ Ҭ̆ ѿҩ ∆ ץ ҹ

Ȃҹԅ ‗ ̆ ∆ ҹ

̆ ᵣᾝ ץ ҹ ̆

ץ ῇ ỮȂ ѿҩ ҹ ̆

Ӈ ҩ Ḃ ץ ḱ◄ ̆ ⁞ ԅ Ҭ Ḡ Ȃ

ῇ 2-8 ׆̆ ⌠ ᶏ Ҍ № Ȃ 

≠ OctoMap ⇔ ҈ ץ ҹ̔ ῇ ̆ᴰ

ȁ ȁῤ ᶏ ̆ ᴆ Ȃ 

 

2-8 ᶏ ῇ  

2.3  

׃ ԅ Ḥ ᴰ Kinect̆ ῒ ᵬ

ȁ Ԑץ Ἕ Ȃ ԅRGB-D SLAM

Ҭ № ΐᵣ ԅ ̆ Ἕ ҍ ȁβ ᵀ ȁ

Ԑ ȁ g2o ᴨ ȁOctoMap҈ ᵣᵣ ⇔ Ȃ 
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Ҏ   SLAM ᵣ 

SLAMᶏ ֲ ᴰ └Ḥ Ḥ ̆

ᵝ ׆̆ ꜚ ᴋⱵȂ ԍᴰ

ץ̆└ Ҭ Ҍ ̆ᶏ ꜚ ֲ ‰ Һ

ᵝȂҹԅ ‗ ֲ Ҭ ҳ Ҍ ̆ ֲ

ԍ ᵝ ̆ ⌠ ֲ ᵝ Ҭ̆ ֲ ᵝ Ḥ

̆ ԍ ᵝ ץ ̂Bayes 

Filter̆ BF̃ҹ Ȃ 

3.1  

₮ ѿ ̆

⌠ ҬȂBF BayesῈ ҍ ‗ Ḥ

Ҍ Ȃ BF [32]̆ ׆ ‗ ‗

ԅѿ └ҍ ᵀ [33]Ȃ 

≠ └ ῀ ᴰ ᵀ ֲ ᵝ ̆ῒ

⌠ץ̔ ╠ ┴ tҹ ҹ ᴆ̆ ᵀ ᵝ

Ḥ Ȃ SLAM Ҭ̆ ֲ ҹꜚ ̆

ֲ ᵝ ̂ԋ ᵝ ̃ ҹ xȂ ֲ ᵝ ̆

t ┴ ѿҩḤ ᵀ ̆ Ḥ ԅ ֲ ԍ

№ ’Ȃ 

3.1.1 SLAMҲḪ ӎ 

׆ ̆ ꜚ ֲ ᵝ ץ ѿ № ̆ ҹ

Ḥ ̔ 

 ( ) ( | ),t t tBel x p x D x X= Í  ̂3-1  ̃

Ḥ ף ԅ t ┴̆ tD ᴆҊ̆ ꜚ ֲ tx

̆ X ᵝ Ȃ 
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ꜚ ֲ ᵝҍ Ҭ̆ ҹ№⅞ץ └

Ȃ └ ף ῀̆ ֲ Ȃ ף

ֲ Ḥ ̆ ᾣ Ȃ 

̆ᾢ Ḥ ӈҹ̔ 

 1: 1: 1( ) ( | , )t t t tBel x p x u z-=  ̂3-2  ̃

ῒҬ 1: 1 2{ , , , }t tu u u u= ̆ 1: 1 1 2 1{ , , , }t tz z z z- -= ̆ ( )tBel x ֲ t

┴ └ tu ̆ᵖ tz Ḥ Ȃ 

Ḥ ӈҹ̔ 

 1: 1:( ) ( | , )t t t tBel x p x u z=  ̂3-3  ̃

ֲ t ┴ ԅ tz └ tu Ḥ Ȃ 

3.1.2 ῎  

∆ ┴ 0t= ̆ᾢ Ḥ ( )tBel x ӈҹ∆ Ḥ 0( )Bel x Ȃ

ֲ∆ ̆↕ᾢ Ḥ 0( )Bel x ҹѿ № ₱ ̆

ԅ ֲῃ ᵝ Ȃ ֲ∆ ̆↕ᾢ Ḥ 0( )Bel x

ҹѿ № ₱ ̆ ԅ ֲ ᵝ ᵝ Ȃ 

t ┴̆ ֲ ꜚ tu ̆ᾢ Ḥ ҹ̔ 

 1: 1: 1( ) ( | , )t t t tBel x p x u z-=  ̂3-4  ̃

ֲ ⌠ tz ̆ῒ Ḥ ҹ̔ 

 1: 1:( ) ( | , )t t t tBel x p x u z=   ̂3-5  ̃

≠ ῃ Ὲ ̆ ױ ץ ₮ᾢ Ḥ ҹ̔ 

 1: 11 1: 1: 1 1 1: 1( ) ( | , , ) ( | , )
tt t t t t t t tBel x p x x u z p x u z dx
-- - - -= ³ñ  ̂3-6  ̃

ѿ Ẋ ̔ ╠ ̆ ӊ╠ ԑ

̆ ױ ᵝ 1tx- ᴆҊ̆ └ Ҍ

Ῥ tx ᶫ Ḥ ̆↕ ̔ 
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 1 1: 1: 1 1( | , , ) ( | , )t t t t t t tp x x u z p x x u- - -=  ̂3-7  ̃

̂3-7̃Ҭ̆ Ḡױ ԅ └ tu ̆ ҹ ₮ ┴ 1tx-ӊ Ȃ

̆ ԍ ױ └ ̆ ץ └ tu ץ ῃ ׆

1 1: 1: 1( | , )t t tp x u z- - Ҭ Ȃ ױ ⌠ԅᾢ Ḥ Ὲ ̔ 

 

1 1 1: 1 1: 1 1

1 1 1

( ) ( | , ) ( | , )

( | , ) ( )

t t t t t t t t

t t t t t

Bel x p x x u p x u z dx

p x x u Bel x dx

- - - - -

- - -

= ³

= ³

ñ

ñ
 ̂3-8  ̃

̂3-8̃Ҭ̆ 1( | , )t t tp x x u- ҹ ֲ ꜚ Ȃ 

↕
( | , ) ( | )

( | , )
( | )

p y x z p x z
p x y z

p y z
= ̆ Ḥ Ώҹ̔ 

 

,1: 1: 1 1: 1: 1

1: 1: 1

( | , ) ( | , )
( )

( | , )

t t t t t t t

t

t t t

p z x u z p x u z
Bel x

p z u z

- -

-

³
=  ̂3-9  ̃

Ῥ ѿ Ẋ ̆ ױ tx ᴆҊ̆ ⌠ tz

̆ ԍ └ Ҍ ױ ᶫ Ḥ ̆ ץ ױ

ץ ̆↕ ̔ 

 ,1: 1 1: 1( | , ) ( | )t t t t t tp z x u z p z x- - =  ̂3-10̃  

̂3-10̃ 3-9̃̂῀ף ̔ 

 
1: 1: 1

1: 1: 1

( | ) ( | , )
( )

( | , )

t t t t t

t

t t t

p z x p x u z
Bel x

p z u z

-

-

³
=  ̂3-11̃  

ῒҬ̆ ( | )t tp z x ҹ ̆ ף ֲ t ┴ ᴰ ᵝ

tx ⌠ tz Ȃ 

3-11̃̂῀ף3-8̃̂ ⌠ Ḥ Ὲ ̔ 

 ( ) ( | ) ( )t t t tBel x p z x Bel xh=  ̂3-12̃  

ῒҬ̆
1

1: 1: 1( | , )t t tp z u zh -

-= ̆ᵬҹ ‰ ̆ ѿ Ȃ 

҉ ̆≠ ‗ ֲ ᵝ ̆ №ҹңҩ

̔ѿ ꜚ ̆∆ ┴̆ ֲ ꜚ └ tu ̆
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1( )tBel x- ⌠ 1( )tBel x- ̆̕ ԋ ̆ ֲ

tz ̆ ׆ 1( )tBel x- ⌠ ( )tBel x Ȃ 

3.2  

̂Monte Carlõ ץ ҹ ̆ ѿ

ᵌ ȁ [34]Ȃ ԍ1777

ү̂Buffoñ p ̆⌠ 20ҕ 40 ף Ӌ

̂Ulam̃ – ᶭ ̂Von Neumanñ ԋ ҕ └ ñ

⅞òҬ ₮̆ ᶏ ҕ Monte Carloᵬҹ Ȃ 

3.2.1 ᵣ  

Monte Carlo ‗ Ԋ ѿ ̆

̆Ῥ ᵀ ׆̆ ₮

Ȃ Ԋᴆ̆ ̆ ‗

Ҭ ԊᴆȂ 

ⱳ ԍ ‗ ꜚ ֲ ᵝ ̆

ӊҹ ᵝ̂Monte Carlo Localization, MCL̃[35]ȂMCL BF

ѿ ̆ ԍ BF ̆MCL ᾢ ֲ ꜚ

̆ ԅ ᾣ ṿ ̆Ῥ ̆ ѿҩ҉׆

┴Ḥ 1( )tBel x- ⌠Ҋѿҩ ┴Ḥ ( )tBel x Ȃ 

ԍ ꜚ ֲ ᵝ M̆CL Ẋ

ֲᵝ ̆ῒҬ ץ ԅ Ẋ ᵝ ֲ ᵝ

Ȃ ᵝῒ ̆ ꜚ

ᵀ ̔ 

 1 1 1( ) ( | ) ( | , ) ( )t t t t t t t tBel x p z x p x x u Bel x dxh - - -= ñ  ̂3-13̃  

ῒҬ̆ tx ף ֲ t ┴ᵝ ̆ tu ף ֲ t ┴ ꜚ ̆ tz

ף t ┴ᴰ ̆ 1( | , )t t tp x x u- ף ֲ ꜚ ̆
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( | )t tp z x ף ֲ ̆hҹ ѿ Ȃ 

3.2.2 ᵣ  

ᵝ Һ ԓ № №̆≢ ∆ ȁ ꜚ ȁ

ȁ ȁ Ȃῒ 3-1 ̔ 

 

3-1 MCL  

MCL ѿ Ḥ ( )tBel x : 

 
( ) ( ){( , ) | 1, , }i i

t t tx i Nc w= =  ̂3-14̃  

ῒҬ̆ Nף ̆
( )i

tw ף t ┴Ẋ ᵝ
( )i

tx ҹ ֲ ᵝ

̆ғ
( )

1

1
N

i

tw =ä Ȃ 

̂1̃∆  

ᾢ׆ № 0( )Bel x Ҭ Nҩ № ̆ ҹ

( ) ( )

0 0 0{( , ) | 1, , }i ix i Nc w= = ̆ῒҬ
( )

0

ix ҹ i ҩ ᵝ ̆
( )

0

iw i ҩ
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̆∆ ҩ
( )

0

1i

N
w = Ȃ 

̂2̃ ꜚ  

ꜚ ̆ ѿҩ ̆ ԍ ֲ ꜚ ̆

└Ḥ ̆ ѿҩ ᵝ ̔ 

 
[ ] [ ]

1sample_motion_model( , )m m

t t tx u x-=  ̂3-15̃  

̂3̃  

̆ ѿҩ ̆ ԍ ֲ ̆ ᾣᴰ

Ḥ ̆ ѿҩ Ȃ 

 
[ ] [ ]measurement_model( , , )m m

t t tz x mw =  ̂3-16̃  

̂4̃  

ѿҩ ꜚ Ḡ ⌠ tc̆ tcҹ

ӊ╠ Ȃ 

 
[ ] [ ],m m

t t t txc c w= +à ð ̂3-17̃  

̂5̃  

ҩ ̆ └ ̆

̆ ̆ӊ Ȃ 

 
[ ]     i

tdraw i with probability w´  ̂3-18̃  

 
[ ]   i

t tadd x toc ̂3-19̃  

3.3  

׃ ԅ SLAM ̆ ԅ ῒῈ ̆ ԅ

ꜚ ֲҬ ̆ ׃ ԅץ ҹ ῒ

Ȃ
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  ԓԑ ᵣ Ҏ Ὺ

 

ҹԅ ҈ ̆ῒҬ ῏ ֲ ᵝ ̆

ԍ ֲ ᵝ ̆ ῤ ̆ Ҍ ᵝ ‗ԍ

ᴰ ̆ᴰ ᴰ׆ ȁ ȁ ᾣ ת

⌠ ᴰ Ȃ [36]№≢ ԅ ╠҈ ֲ ᵝ ̔ң

̂Extended Kalman Filter̆EKF̃ ȁ ̂Particle Filter̆

PF̃ ץ ԍ ᵝ SLAM ̆ ғ№ ԅ҉ ₃ ̆

ᶏ Ҭ̆҈҉ץ ᵝ Ȃ [37]ᶏ ᾣ

ᴰ Ḥ ̆≠

ֲ ᵝ̆ Ҭ ῒ̆ ᵝ ᴪ Ȃ

[38] ᾣ ̆ᶏ ԅ

ֲ ᵝ̆ᵖ ῤ Ҭ̆ ᵝ Ҍ ̆

ԋ ‰ Ӟ Ȃ [39]ᶏ Kinect ̆ Kinect Ἕ

ѿ SURF ̆ ᴨ ֲ ᵝ̆

Ҭ ̆ ᵝ‰ ᴪ Ҋ ̆

҈ Ҍ Ȃ 

̆ ₮ ԍԋ ᵝ ҈ ץ̆ ȁ 

Kinectȁ ᾣ ҹҺ ᴰ ץ̆ ֲ TurtleBot2ҹ ̆ѿ

ֲ ꜚ ᾣ ̆ᶏ ֲ

ꜚ ̆ Ԋᾢ ԋ Ҭ ֲ ᵝ̕

ѿ ᶏ RGB-D Kinect Ḥ ҈

̆ ֲ ᵝ ⌠Ҍ ┴ ᵝ ̆ ₮ ֓ᵝ ̆≠

҈ ̆ ₮ ᵣ ҈ Ȃ 

4.1 ԑ Ґ ᵣ 

ᶏ ̆ ױ ԋ Ҋ ֲ ᵝȂ
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ᵝ̂MCL̃ ѿ ԍ ̆ ԍ ‗ ֲ ᵝ

ῃ ᵝ ̆ Ȃ ԍ ֲ ꜚ

1,( | )t t tp x x u- ( | )t tp z x ҍ MCL ꜚ

̆ ץ ױ ᾢ ׃ ңҩ [40]Ȃ 

4.1.1 ָ ꜠  

ֲ ꜚ ᶏ ֲῤ ṿᵬҹ ֲ ῏ ꜚḤ

tu ̆ ṿ̆ └ ֲ ꜚ Ḥ ̆

≠ └ Ҭ ֓ ꜚḤ ̆ ױ ⌠ ֲ

Ḥ tu Ȃ ֲ 4-1 Ȃ 

 

 

4-1  ֲ  

4-1Ҭ̆ ( , 1]t t- Ҭ̆ ᵝ׆ֲ 1tx- ꜚ⌠ᵝ tx ̆

ױ ԅ׆ 1 (   )Ttx x yq-= ꜚ⌠ ( '  '  ')Ttx x y q= ῏ ꜚḤ

Ȃ ҉ ף ҹ ṿ̆ ṿ ԍ ֲ ῤ

̆ ֲῤ ҍῃ ῏ Ȃ ֲ

( , 1]t t- ꜚ ᵌҹѿ 1rotd ̆ⱴѿ transd ̆ ԋ
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2rotd ȂҊ Ὲ ԅ ᵥ ṿ   1( )T
t ttu x x-= ң ѿ

ṿ̔ 

 1 atan2( ' ,  ' )rot y y x xd q= - - - ̂4-1  ̃

 
2 2( ') ( ')trans x x y yd = - + -  ̂4-2  ̃

 2 1'rot rotd q q d= - -  ̂4-3  ̃

ῒҬ̆atan2 atan ̔ 

 

atan( / ) if 0

sign( )( atan( / )) if 0
atan2( , )   

0 if 0

sign( ) / 2 if 0, 0

y x x

y y x x
y x

x y

y x y

p

p

>ë
î

- <î
=ì

= =î
î = ¸í

 ̂4-4  ̃

ҹԅ ꜚ ̆Ẋ ң ѿ ṿҹ ṿ

⁞ ѿҩ 2b
e ̔ 

 2 2
1 1 2

1 1
Ĕ

rot trans

rot rot
ad a d

d d e-
+

=  ̂4-5  ̃

 2 2 2
3 4 1 4 2

Ĕ
trans rot rot

trans trans
a d a d a d

d d e-
+ +

=  ̂4-6  ̃

 2 2
1 2 2

2 2
Ĕ

rot trans

rot rot
ad a d

d d e-
+

=  ̂4-7  ̃

ῒҬ 2b
e ҹѿҩ ṿҹ 0̆ ҹ

2b ̆ ׆ № ҈

№ ̆ № ̆ 1ă 2ă 3ă 4a ֲΐᵣ

Ȃ 

̆҉ѿҩ ┴ ᵝ 1tx- ң 1
Ĕ

rotd ȁ 2
Ĕ

rotd ̆ ѿ Ĕ
transd ̆

⌠ t ┴ ֲ ᵝ ( '  y' ')Ttx x q= ̔ 

 

1

1

1 2

Ĕ Ĕcos( )'

Ĕ Ĕ' sin( )

Ĕ Ĕ'

trans rot

trans rot

rot rot

x x

y y

d q d

d q d

q q d d

å õ+å õ å õ
æ öæ ö æ ö

= + +æ öæ ö æ ö
æ öæ ö æ öæ ö+ç ÷ ç ÷ç ÷

 ̂4-8  ̃

ῒҬ 1 (   )Ttx x yq-= ף ҉ѿҩ ┴ ᵝ Ȃ ҉ ̆ ѿҩ
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׆ ꜚ 1( | , )t t tp x x u- № Ȃ 

4.1.2  

⌠ ꜚ 1( | , )t t tp x x u- ӊ ̆ ױ ץ

( | )t tp z x ԅȂẊ mҹ Ḥ ̂ ױ ≠ץ gmapping ԋ

⌠ Ḥ m̃̆ ( 1,2,3, , )i

tz i K= = ף ᴰ ҩ Ȃ↕ ױ

ץ Ҋ ,( | )t tp z x m̔ 

 ,

1

( | ) ( | , )
K

k

t t t t

k

p z x m p z x m
=

=Ô  ̂4-9  ̃

maxz z¸ ̆↕ ҩ ᵌ ( | , )k

t tp z x m ҊῈץ ̔ 

 , , ,cos sin cos( )k
t

k

k sens k sens t k sensz
x x x y zq q q q= + - + +  ̂4-10̃  

 , , ,cos sin sin( )k
t

k

k sens k sens t k sensz
y y y x zq q q q= + + + +  ̂4-11̃  

 { }2 2

', '
min ( ') ( ') | ', ' occupied in k k

t tz zx y
dist x x y y x y m= - + +  ̂4-12̃  

 
random

hit hit

max

( | , ) prob( , )k

t t

z
p z x m z dist

z
s= Ö +  ̂4-13̃  

ῒҬ̆ hitprob( , )dists ף ṿҹ 0̆ ‰ ҹ hits № ᴆҊ̆

ṿҹ dist Ȃ ,k sensx ,k sensy ף ᾣ ᴰ ԍ ֲҬ

ᵝ ̆ ,k sensq ᾣ ᴰ ᾣ ԍ ֲ ̆ hitz ̆

randomz ̆ maxz ף ῤ Ȃ 

4.1.3 ᵣ 

ᵝ̂MCL̃ Ҍ Ȃ Ҭ ᶏױ

ᵝ(Adaptive Monte Carlo Localization, AMCL)̆AMCL MCL ̆

ᶏ KLD ȂKLD ץ ҩ
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[40]ȂKLD KL ̂Kullback-Leibler divergencẽ [41] ⌠̆ῒҬ KL

Ӟ ҹ KL ̆ ₮ңҩ № ӊ Ȃ MCL ѿ

Ҭ̆KLDף 1 d- ҩ Ȃҹԅ ⌠ѿҩ

̆ Ẋױ ѿҩ ̆№ № ₮ Ȃ

KLD ̆ᶏ ᵌ ᵀ ̂Max Likelihood Estimation, 

MLẼ ӊ ԍԊᾢ ṿeȂ ҹ

MLE ӊ KL ̆ ҹ KLD

ȂKL ңҩ № p qӊ ̆ ӈҹ̔ 

 
( )

( , ) ( ) log
( )x

p x
K p q p x

q x
=ä  ̂4-14̃  

KL ṿ ҹ ̆ ғֽ ңҩ№ KL ṿ ҹ 0̆

№ ӊ ‰[42]ȂẊ nҩ ѿҩ׆ K ҩҌ

№ Ҭ ⌠ ̆ 1( , )kX X X= ף ׆ ҩ

̆ғ ( , )kX M n p ̆ῒҬ 1, , kp p p= ҩ ̆ p

MLE nҩ ̆
1Ĕp n X-= ₮Ȃ≠ ᵌ nl p̔ 

 

Ĕ
log log

k
j

n j

j j

p
X

p
l

å õ
= æ ö

æ ö
ç ÷

ä  ̂4-15̃  

ҹ Ĕ
j jX np= ̆ ץ ̔ 

 

Ĕ
Ĕlog log

k
j

n j

j j

p
n p

p
l

å õ
= æ ö

æ ö
ç ÷

ä  ̂4-16̃  

ԍᵌ MLE № ӊ KL nṐ̆ ̔ 

 Ĕlog ( , )n nK p pl=  ̂4-17̃  

ץ ̆ᵌ ԍѿҩ ҹ 1k-
2c№ ̔ 

 
2

12log ,  n d k nl c- ¤ ̂4-18̃  
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MLE № ӊ KL ԍ ԍe ᶏ Ĕ( ( , ) )pp K p p e¢

̆ ҩ ӊ ῏ ҹ̔ 

 
2

1

Ĕ Ĕ( ( , ) ) (2 ( , ) 2 )

                         (2 log 2 )

                         ( 2 )

p p

p n

k

P K p p P nK p p n

P n

P n

e e

l e

c e-

¢ = ¢

= ¢

º ¢

 ̂4-19̃  

ῒҬ Ҋ
2c№ №ᵝ ̔ 

 
2 2

1 1,1( ) 1k kp dc c d- - -¢ = - ̂4-20̃  

2

1,12 kn de c- -= ̆ ̂4-19̃ ̂4-20̃ ̔ 

 Ĕ( ( , ) ) 1pP K p p e d¢ º - ̂4-21̃  

ץ ₮ ᵌ ӊ ῏ ̆ ҹ̔ 

 
2

1,1

1

2
kn dc

e
- -=  ̂4-22̃  

ױ ̂4-22̃ n̆
2c№ №ᵝ Ȃ Wilson-Hilferty

ᵌ ץ ⌠̔ 

 

3

2

1,1 1

1 1 2 2
1

2 2 9( 1) 9( 1)
k

k
n z

k k
d dc

e e
- - -

ë û-î î
= º - +ì ü

- -î îí ý
 ̂4-23̃  

̂4-23̃ ̆

3

1

1 2 2
1

2 9( 1) 9( 1)

k
n z

k k
d

e
-

ë û-î î
º - +ì ü

- -î îí ý
̆MLE

№ ӊ KL ԍ ԍ eȂῒҬ̆ 1z d- ץ ‰

Ҭ ⌠̆ҹ ‰ № 1 d- №ᵝ Ȃ ̂4-23̃ ץ ₮̆

ҍ K ῏ ̆ ҍ e Ȃ 

ԍ KLD AMCL Ҋ̔ 

῀̔ 1t- ┴
( ) ( )

1 1 1{( , | 1, , )}i i

t t tS x i nw- - -= = └ 1tu- t̆

┴ ṿ tz ̆ e d̆ b D̆ minnc ̆ԋ

Ḥ m̆ tS =Å̆ 0n= ̆ 0Sn = ̆ 0k= ̆ 0a= ̕ 
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Step1̔ ꜚ
( ) ( ) ( )

1sample_motion_model ( | , )i i i

t t t tx p x x u-= ̆

( ) ( )( | , )i i

t t tp z x mw = ̕ 

Step2̔
( )i

ta a w= + ̕ 

Step3̔
( ) ( ),i i

t t t tS S x w= + ̕ 

Step4̔
( )i

tx ῀ b̆ 1k k= +̆ b non empty= -  ̕

Step5̔ 1k> ̆↕

3

1

1 2 2
1

2 9( 1) 9( 1)
S

k
n z

k k
d

e
-

ë û-î î
= - +ì ü

- -î îí ý
̕ 

Step6̔ 1n n= +̕  

Step7̔ Sn n< minSn n< ̆ ⌠ Step1̕  

Step8̔  1, ,For i n= ̆ ѿ
( ) ( ) /i i

t tw w a= ̕ 

₮̔ tS̕ 

4.2 ԓԑ ᵣ Ҏ  

ԍ ᵝ҈ ̔ 

̂1̃ ԍ ᵝ SLAM Ҭᶏ ԅ ‗ ᵝ ̆

Ἕ ҍ ̆

ԍ ᵝ SLAM ᶏ Ҭ Ҍ Ȃ 

̂2̃ ԍ ᵝᶭ ԍ ἝḤ ̆ ᵌԍ ῤ

Ҭ̆׆Ҍ ┴ ἝҬ ᴪ֟ ̆

ᵝ ֟ Ȃ 

̂3̃ ̆ ҹ ᵝ ᶭ ѿҩᶛ Kinect ᴰ ̆ ץ ᵝ֟

Ȃ 

҉ץ ̆ ₮ԅѿ ԍԋ ᵝ ҈

Ȃ ᶏ ԍ ᾣ AMCL ԋ Ҋ ֲ

ᵝ̆ ԅ Ἕ ҍ ̆ ѿ ᾧԅ Ἕ ֟ ̆

ѿ ԅ ҈ Ȃ ᾣ ȁ ֲ
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ҩᴰ Ḥ ̆ ‗ ᵝ Ȃ 

ԍԋ ᵝ ҈ 4-2 Ȃ ᾢ̆≠

gmapping ᾢױ ѿ◐ ԋ Ȃ ԋ

Ҭ̆ ᶏױ └ ֲ ꜚ̆ ֲ ꜚ Ҭ̆

ᾣ ᴰ Ҍ̆ ֲ ꜚ Ḥ tu Ḥ

tz ̆ ֲ ꜚ tu Ḥ tz ԍ KLD

AMCL ̆ AMCL ̆ ױ ֲ Ԋᾢ

ԋ Ҭ ᵝ̆ ⌠ ֲᵝ Ȃ ֲҌ ꜚ̆ ױ ץ ⌠

ֲ ԋ ҬҌ ┴ ᵝ 1 2, ,..., tx x x Ҋ̆ Ὲ ԅ ֲ҉ѿ

ҩ ┴ᵝ Ҋѿҩ ┴ᵝ ӊ ῏ ̔ 

 1t tx R x t-= Ö + ̂4-24̃  

ῒҬ̆Rף ̆ t ף Ȃ ԍ Kinect ֲ҉̆

ֲӊ ᵝ ῏ ̆ ץ R t Ӟף ֲ Kinect

Ȃ≠ R t ̆ ױ ⌠ T ̔ 

 
3 3 3 1 4 4

1 3 1

R t
T R

O

³ ³ ³

³

è ø
= Íé ù
ê ú

 ̂4-25̃  

ֲ ԋ Ҭ ᵝ ѿҩ ᵝ tx K̆inect ᴪ ᵝ

ѿ ԋ Ἕ ѿ◐ ἝȂ≠ Ἕ Ἕ ױ ץ

ѿ ҈ ̆ῒҬ҈ Ԑ ȂҊ Ὲ ԅ ᵥ

ԋ RGB Ἕ depth Ἕ ҈ Ԑ ̔ 

 /z d s=  ̂4-26̃  

 ( ) /x xx u c z f= - Ö  ̂4-27̃  

 ( ) /y yy v c z f= - Ö  ̂4-28̃  

ῒҬ̆ xc ȁ yc ȁ xf ȁ yf ף Kinect ῤ ̆ d ף Ḥ ̆ sף

̆u v ѿ ԋ ἝҬ Ἕ ᵝ ̆ xȁ yȁ zҹ҈
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Ԑ ᵝ Ȃ 

Ẋ ֲ ᵝ 1tx- ҈ Ԑ 1tp-̆ ᵝ tx

҈ Ԑ tp ̆ Ӈ≠ T ױ 1tp- tp Ԑ ⌠

ѿ [43]Ȃ ҍҊѿҩ ┴ ҈ ѿҩ ѿҩ ̆

ױ ⌠ѿ ῃ ҈ Ȃ 

 

4-2 ԍԋ ᵝ ҈  

4.3  

׃ ԅԋ Ҋ ԍ ᾣ ᵝ Kinectᴰ

Ḥ ҈ Ȃ ᵝ 3D SLAM Ҭ Ἕ

֟ ֲ ᵝ ̆ ₮ԅѿ ῤ҈

̔≠ ԋ Ҋ ԍ ᾣ ᵝ ף ᵝ̆

Ἕ Ἕ Kinectᴰ Ḥ ҈ Ȃ
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֒  ԓԑ ᵣ Ҏ Ὺ

ғ  

5.1 ᴌ 

5.1.1 TurtleBot ָ 

Turtlebot[44] Willow GarageῈ ꜚ ֲ ̆ΐ

ᴆȁᴇ ᵞ ᴨ ̆ ⌠ ֲ Ȃ ╠ҹ ̆TurtleBot

ֲ ң֟ף TurtleBot1 TurtleBot2Ȃ ᴆ ̆ ѿ֟ף ץ iCreate 

Robotҹ └ ̆ ԋ֟ף Kobukiҹץ └ ̆ 5-1 Ȃ ᴆ ̆

ң֟ף ᶏ ֲ ᵬ ̂Robot Operating System, ROS̃[45]ҹ ᴆ

Ȃ 

 

5-1 ֲ TurtleBot2 

ᶏ TurtleBot2̆ ῒҺ ᴆ Ҋ̔ 

̂1̃Microsoft Kinect 1.0D   Kinect 2010 ₮ ѿ ᵣ

ᴰ ̆ 5-2 Ȃ  RGB ȁ ᴰ ȁ ᾥ ↓ ꜚẁ

ȂKinectΐ ᵞȁ ȁ ᵬ ȁ ᴆ ү ᴨ ̆

ץ RGB Ἕ depth Ἕ̆ ֲ҉
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[46][47]Ȃ Kinect ᴆ Kinect for Windows SDK OpenNI ף

῍֣̆ ֲ Kinect ̆

ѿ ԅῒ Ȃ 

 

5-2 Microsoft Kinect1.0D  

̂2̃Kobuki └   Kobuki Yujin Ὲ ꜚ ֲ ̆

5-3 Ȃ ֲ └ 32ҩῤ ᴰ ̆ңҩ ꜚ ̆2ҩ ῍

ҩ ꜚ ̆110 / ѿҩ̆ת ҹ ̆ѿҩ ץ

῀ ₮ ѿҩ Ȃ ץ ֲ ꜚȁ

ץ ȁ ῀ᴰ ᵬȂ Kobuki ѿҩ ֲ ̆

ᶏ ҉ ֲ ҹ ῏ ף└

Ȃ ꜚ ҉ⱴ ̆ᶛ ᾣ ᴰ ȁ

ȁ ̆ ᾝ IMU ̆ ⇔ Ȃ 

 

5-3 Kobuki └  
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5.1.2 RPLidar ᾩ ᴶ  

ᾣ ᴰ ԍԋ ԋ Ҭ ᵝ̆ ֲ ׆

ҙ Ҭ ҳ ̆ῒҬ ᴇ Ȃ

ᵬҹ ꜚ ֲ ᵝ ᴰ ᾣ ̆ῒᴇ

҆ᾝ̆ ῤ RoboPeak ₮ᵞ ᾣ RPLidar̂ 5-4

̃̆ ᴇֽҹ ҙ ᾣ №ӊѿ̆D ᾣ ᴰ ᶏ

ᾣ ᴆ ᴆ Ḡ ̆ RPLidarᶏ ԅ ȁᴇ ᵞ

ᾣ ᴆ ᴆ̆ᵖ ⱴ ᾢ ԅῒ Ȃ

ᾣ ᴰ ᵞȁ ҙ ᾣ ᴰ ̆ᵖ

ῒ ₮ ԋ Ȃ ץ ԍѿ֓ ᶏ ̆

Ạ SLAM̆ ᴇ ̆ RPLidar ᾣ ᵬҹ ᴰ

̆ ץ 360 ≠̆ ῒ AMCL

ԋ Ҭ ᵝ̆ ᴋⱵ Ȃ 

 

ԍ

SLAM

2000 / s

5.5Hz

6m
ῃ

  360£

 

5-4  RPLidar ᾣ  
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5.1.3 Kobuki ┼ ꜠  

Kobuki └ ץ ȁ ꜚ̆ῒ ꜚ ꜚ

5-5 Ȃ 

 

5-5  Kobuki └ ꜚ  

҉ץ ꜚ ̆ └ Ὲ ҹ̔ 

 
2

l rv v
v

+
=  ̂5-1  ̃

 
r lv v

b
w

-
=  ̂5-2  ̃

̂5-1̃ ̂5-2̃Ҭ̆ lv rv ҹ └ ̆bҹ

ӊ Ȃ Ӈ׆ 1t- ┴⌠ t ┴̆ ҹ tD̆ └ ꜚⱬ

ҹ̔ 

 1

cos

sint t

v t

x x v t

t

q

q

w

-

Då õ
æ ö

= + Dæ ö
æ öDç ÷

 ̂5-3  ̃

ῒҬ 1 (   )Ttx x yq-= ҹ 1t- ┴ ᵝ ̆ ( '  '  ')Ttx x y q= ҹ t ┴ ᵝ Ȃ 
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5.1.4 ᴌ  

ֲ ᴆ 5-6 ῒ̆ ᴆ Һ ᾣ ȁKinectȁ

ȁ └ ȁ ꜚ ȁ Ȃ Ҭ ᶏ

CPUҹ Intel Core i7 ↓̆ ᵬ  3.5GHz̆  

12G ῤ ץ  256G Ữ ̆ ֲ Ȃ 

҉ ᴆ ̔ ᾣ ᴰ └

Ҭ ԍ KLD AMCL ̆ῒҬ AMCL

Linux Ҋ ROS ᵬ Ҭ ̆ AMCL

ױ ֲ ԋ Ҋ ᵝ̆ ⌠Ҍ ┴ ᵝ Ȃ

≠ ֓ᵝ ̆ ױ ץ ₮ᵝ T Ȃ Ҍ ┴ ᵝ ̆≠

Kinect Ἕ Ἕ̆ ֓ Ἕ ̆

҈ Ԑ Ȃ 

ᴆ ̔ ֜ԑ └ ̆פ ұ ҍ ḤȂ

ѿ └ ᴰ פ ҹ └Ḥ ̆

ꜚ ꜚ ꜚ̕ ѿ └ ⌠

ҹ ֲ Ȃ Kinect ꜚ

ᶫ Ȃ 

 

5-6  ᴆ  
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5.2 ᴌ  

5.2.1 ROS ᵲ  

ᴆ ROŜ Robot Operation System̃ ֲ ᵬ Ȃҹ

ԅ ‗ ֲ ȁ ꜚ ֲ ף ҍ ̆

ֲ ᴆ ᵣ ROS ȂROS Stanford AI STAIR

ҍ Willow GarageῈ ῍ ѿ ᵌԍ ᵬ Ғ ֲ

̆ROS ᶫԅѿҩ ‰ ᵬ ̆ ᴆ ȁ └ȁ

ⱳ ȁ ⱳ Ȃ 

ROS ⅞№ҹ҈ҩ №̔ ᴆ ȁ ȁ Ȃ 

̂1̃ ᴆ  

ҍῒז ᵬ ᵌ̆ROSҬҌ ᴆ Ҍ ᴆ Ҋ̆ ⱳ

Ҍ ̆ROS ᴆ№ҹץҊ₃ ̔  

ⱳ ̂Packagẽ̔Package ROS ᴆ ̆ ROSҬ

ⱳ ᴆ Ȃ 

ⱳ ̂Package manifest̔̃ ԍ Package Ḥ ȁᶭ ῏ ȁ

Ḥ Ȃ 

ⱳ ̂Stack̃ ̔Package ̆Package Stack̆ Stack

ⱴ ⱳ ̆ᶛ Navigation StackȂ 

̂Message typẽ̔ Message ̆ ӈԅROSҬᴰ

Ȃ 

Ⱶ ̂Service typẽ̔Service ̆ ӈԅ ROSҬ ҩ ᶫ

῏ԍ Service Ȃ 

̂2̃  

5-7 ̆ROSᴪ ѿҩ ⌠ ̆ ROSҬ

ҩ ̆ ԑᴰ Ḥ ̆ ῒז Ḥ ̆

Ḥ ⌠ ҉Ȃ 
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5-7  ROS  

̂Nodẽ̔Node Һ ̆ѿҩ ֲ

̆ ѿҩ ץ Ҍ ⱳ Ȃ 

̂Master̃̔≠ Master ץ Node Ύ Ȃ 

Ⱶ ̂Parameter Server̔̃ Parameter Server ᶏ ῏

Ữ ̆ ᶏ Parameter̆ Node Node

ᴋⱵȂ 

̂Messagẽ̔ Ȃ 

Һ ̂Topic̃ R̔OSҬ Topic Ȃѿҩ Node ᴰ ⌠ѿ

ҩ Topic ̆ῒז Node ץ Topic Ȃ 

Ⱶ̂ Servicẽ S̔ervice ᶏ Node Һ ̆ ҍ ҩ Node ֜ԑȂ 

̂Bag̃ ̔Bag ѿ ᴆ ̆ Ḡ ֲ ᵬ

ROSҬ Ȃ 

̂3̃  

ROS Һ ROSҬ ̆ ROS Ҭֲױ ᶏץ Ғ

№֣ ֲ ᴆף ץ ԑ֜ Ȃ 
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5.2.2 ᴌ  

ᴆ 5-8 Ȃ ᾢ̆ └ ֲ

Ҭ ꜚ̆ ꜚ Ҭ ᾣ Ḥ ֲ ꜚ

Ḥ ̆ ᶏױ Gmappingⱳ ֓Ḥ ₮ԋ Ȃ

ԋ Ҭ AMCL ᶏ̆ └ ֲ ꜚ̆

ֲ ꜚ Ҭ̆ ᾣ ᴰ ̆Ҍ ֲ ꜚ

Ḥ Ḥ ̆ ֓Ḥ ԍ KLD AMCL

̆ AMCL ̆ ױ ֲ Ԋᾢ ԋ Ҭ

ᵝ̆ ⌠ ֲᵝ Ȃ 

ֲҌ ꜚ̆ ױ ץ ⌠ ֲ ԋ ҬҌ ┴ ᵝ ̆

֓ᵝ ῏ ̆ ױ ⌠ Ȃ ֲ ԋ Ҭ

ᵝ ѿҩ ᵝ ̆Kinect ᴪ ᵝ ѿ ԋ Ἕ ѿ◐ԋ

ἝȂ ⌠ Ἕ Ἕӊ ̆ᶏ Ἕ ױ ץ ѿ

҈ ̆ῒҬ҈ Ԑ Ȃ ≠ Ҍ

┴ Ԑ ѿ ̆ ױ ⌠ ῃ ҈ Ȃ 

 

5-8  ᴆ  
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5.3 ғⅎ  

ҹԅ ᴨ ץ≢̆№ ֲ TurtlBot2 └ ֲ

ҹ ꜚ ץ̆ RPLidar ᾣ KinectҹҺ ᴰ ̆ ѿҩ 30*2.5

ῤ Ҋ ̆ ң ҹ ̆ №

ᾣ ̆ ̆ 5-9̂ã ̂b̃̂ c̃̂ d̃ Ȃ №ҹ

№̆ ѿ №ҹҌ ꜚ Ҋ ԍ ᵝ RGB-D

ᵝ Ȃ ԋ №ҹ ԍԋ ᵝ ҈ Ȃ ҈

№ №ҹ Ȃ 

 

       

      ̂ã ᵣ                     ̂b̃ ѿᶷ  

       

     ̂c̃ ѿᶷ                   ̂ d̃  

5-9   
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5.3.1 Ғ ꜠ Ґ ᵣ  

ҹԅ ̆ ԅ ֲ ꜚҍ ꜚң

̆ ᵝ ̆ ҍ ԍ ᵝ RGB-D SLAM ᵝ

Ạԅ Ȃ ӊ╠̆ ᾢױ ῏ waypoint̆ ꜚ

ֲ ∆ ᵝ ̆ ₮waypoint ԋ ̆ ץ ֓ ҹ ‰̆ ᵝ

Ȃ 

̂1̃ ꜚ 

 

̂ã ᵝ  

 

̂b̃  

5-10  ꜚҊ RGB-D SLAM ҍ ᵝ  
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5-10ҹ ꜚҊ ԍ ᵝ RGB-D SLAM ҍ ᵝ

̆ Ҭ ֲ ꜚ ҹ Y ꜚѿ Ȃ (a)ҹ

ң ᵝ ̆ (b)ҹң Ȃ׆ (a)Ҭ ₮ң

ץ ֲ ꜚ ̆p X Ẓ

ԍwaypoint̆ᵝ Ȃ׆ (b)Ҭ ץ ₮̆ ֲ Y ꜚ

Ҭ̆ῒ Ḡ Ҍ ̆ң ᵀ Ḡ 0rad ̆ᵖ

ԍ 0rad̆ Ȃ 

̂2̃ ꜚ 

 

̂ã ᵝ  

 

̂b̃  

5-11  ꜚҊ RGB-D SLAM ҍ ᵝ  
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5-11ҹ ꜚҊ ԍ ᵝ RGB-D SLAM ҍ ᵝ

Ȃ ̂ã ᵝ Ҭ ֲ ҹ̂0,0̃ ̆ ץ ₮ң

⌠ ̆ ԍ ᵝ ⱴ ̆

ᵖ ԍwaypointȂ ̂b̃ Ҭ̆ ֲ

ҹ 0 ̆ ֲ ꜚ⌠ -180 ̆ ⌠ -360 ̆ң

ץ ֲ ̆ΐ Ȃ 

5.3.2 ᶕ ָ TurtbltBot2 ԓԑ ᵣ Ҏ

 

̂1̃ԋ  

ҹԅ 5-9 ҈ ̆ ױ ᾢ ῒԋ ̆ Ҭ̆

ױ Gmapping ԋ ȂGmapping[48][49][50] ѿҩ ROSⱳ ̆

ᶏ RBPF̂ Rao-Blackwellized particle filer̃ [51][52] ᾣ ᴰ

Ḥ ֲ Ḥ ԋ Ȃ≠ Gmapping

ԋ 5-12 Ȃ 

 

5-12  ≠ Gmapping ԋ  

5-12Ҭ ף Ҭ ̆ᶛ Ҋ ̆

֓ ԍ ֲ Ҍ ̆ ֲ ᾧҍ ̆

№≢ Ȃ 

̂2̃≠ AMCL ԋ Ҭ ֲ ᵝ 

ԋ ̆ ױ ≠ץ AMCL ԋ Ҭ ֲ

ᵝȂ 5-13 ԅ ֲTurtlBot2∆ ᵝ ’Ȃ ̆ ֲTurtlBot2

Ҍ Ҭ ᵝ ̆ ֲ ԋ Ҭᴋᵥѿҩᵝ ₮
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Ȃ 

 

5-13  ֲ ԋ Ҋ ∆ ᵝ ’ 

5-13Ҭ̆ Ӱ№ Ҭ ף ̆ ѿҩ ᵝ

ֲ TurtlBot2 ԋ Ҭ ₮ ᵝ Ȃ Ҭ ף

ֲ ̆ ᵝ ף ᵝ ̆ ᵝ AMCL

ᵀ ⌠Ȃ ₃ ꜚӊ ̆ ᵝ ̆

ֲ TurtlBot2≠ AMCL ῒ ԋ Ҭ ᵝ Ȃ 5-14

ԅ ᵝ ׆̆ Ҭ ץ ₮ ᵀ ᵝ Ȃ 

 

5-14  ₃ ꜚӊ ֲ ᵝ ’ 

̂3̃҈  

҈ ῤ ҹ 5-9Ҭ ̆ 30 ̆ 2.5 Ȃ

҈ Ҭ̆ Lniux ᵬ Ҋ Ȃ ≠ױ

└ ֲ TurtlBot2̆ ׆ֲ ѿ ꜚ̆

Ҭ ╠ ꜚ̆ ⌠ ѿ Ȃ ֲ TurtleBot2 ꜚ

0.2 ̆ ᴪ ROSҺ ѿ ᵝ Ḥ Ȃҍ ̆ ᵝ ҈

ᴪ ̆≠ T ҈ ҍ҉ѿҩᵝ ҈

Ȃ ῃ ҈ ῤ 5-15 ׆̆ Ҭ ױ

ץ ≢₮ ᵣȁ ȁ ң

ᾣ ̆ ₮ ҈ Ȃ 




























