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Abstract 

The localization of mobile robot is one of the most basic and critical technology in 

autonomous navigation field. With the development of computer vision, visual 

odometry has made great progress and become an important branch of the localization 

research. Due to excellent robustness and good visibility on different images, point 

features has been widely used. However, point feature are more dependent on the 

environment. In man-made structured environment, the lack of point feature has a big 

influence on visual odometry which rely on point feature. Make use of the line features 

and point features together can expand the application scenario of the visual odometry. 

In this thesis. We propose a semi-direct visual odometry based on point and line 

features extracted from the monocular camera. Firstly, a visual sensing system based 

on monocular camera is designed to extract point and line features in the environment. 

To rectify the aberration of camera and get the relationship between the space and 

image coordinate system, the camera was calibrated and the intrinsic parameters of the 

camera are obtained. 

Secondly, a visual localization system is modeled. The first step of the visual 

odometry proposed in this paper is locate the approximate pose of the robot. It is 

achieved by the direct method. Then the feature-based method which use point and line 

features together is used to get the accurate pose between current frame and keyframe. 

A depth filter which based on probability is used in system to calculate the position of 

line and point in the space. This can be used to get the accurate pose. 

Finally, in order to verify the feasibility of the proposed visual odometry, several 

sets of image sequences in TUM dataset captured by monocular camera are used. The 

error between the real trajectory and the estimated trajectory show that the visual 

odometry system proposed in the paper has a good localization performance. At the 

same time, the experiment in the corridor environment which compares the result 

between odometry based on laser and visual odometry proposed in the article was built. 

The experimental result demonstrate that our method can locate the pose of the robot 



ᵝ                                                                        

III  

 

accurately in the corridor evnironment. 

 

KeyWords: Visual localization̕ Mono Vision̕ point and line features̕semi-direct 

visual odometry  
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X f
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Y f
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=
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Z

å õ å õå õ
æ ö æ öæ ö
=æ ö æ öæ ö

æ ö æ öæ ö
ç ÷ ç ÷ç ÷

                 ̂2.5̃  



ᵝ                                                    ԋ                                

10 

 

̆ ױ Ҭ K ҹ ῤ Ȃ 

 Ὲ ̂2.5̃ Ҭ̆P Ҋ Ȃ ҹ ҈

ꜚ̆ ױ Ӟ ҕ Ҋ ̆ ᵬ wP Ȃ ҕ׆

⌠ R t̆ ᵝ ץ ҹ̔ 
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҉ ℗ ̆ ԍ Ҋ
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 ᵬ ῒ̆ Ҭ ҈ ₃ᵥᵝ ԋ
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 ̆ Һ
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╠ ̆ Ҍ ῒ Ȃ 

 ᶏ ̆ ѿҩ ̆ ҈ҩ҉ץ Ҍ

ᵝ ἝȂ Ҭ̆Ḡ ᵝ Ҍ ̆ ᵝ ̆ ᵝ
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2.3 ἝҬ  

 ҹ̆ ѿҩ ̆ ҕ Ἕ

Ȃ Ἕ ҉̆ ₮ ҕ

̆ ҕ Ȃ ԍ ԋ Ἕ ҈ ᵣ Ḥ

̆ ῒ№ҹԅ҈ҩ ̔ Ἕ∆ ̂primal  sketch ȁ̃2.5

̂2.5 dimensional sketch̃ ҈ ̂3D model̃ [9]ȂῒҬ Ἕ∆

ἝҬ ̆ ȁ ȁ ȁ

ᾝ Ἕ ֦ ȁ ֦ ᵝ Ȃ ȁ

̆ Ȃ 

 Һ Ἕ ᵀ ꜚȂ ‗ ҩ

Ṝ̆ ᾢ ׆ ἝҬ ף ̆ ֓

ṜᴪḠ Ҍ Ȃ ῖ SLAM Ҭ̆ ֓ ҹ Ȃ Ҭ̆

Ἕ ̂Featurẽ̆ ױ ΐ Ҋץ ̔ 

1. ̂Repeatability ̃̔ ץ Ҍ ἝҬ ⌠Ȃ 

2. ≢ ̂Distincitiveness ̃̔ Ҍ Ҍ Ȃ 

3. ̂Efficiency ̃̔ ѿ ἝҬ̆ ԍἝ Ȃ 

4. ̂Locality ̃̔ ֽҍѿ Ἕ ῏Ȃ 

ἝḤ Ҭ̆ ᵬҹץ Һ ȁ №̆

ȁ Ȃ ԍ ̆ Ҍ Ἕӊ ΐ

̆Ӟ ҹ Ȃ Ҍ Ҭ̆ ү Ҍѿ

Ȃ ῒ ᾣ Ҍ ̆ ץ ⱴ ̕

↕ΐ ⱴ № Ȃ ң ̆ ץ

Ȃ ̆ ҌῬ Ȃ Һ ׃

Ȃ 

2.3.1  

 ᶏ LSD̂Line Segment Detector̃ Rafeal 2010 ₮

ѿ [10]Ȃ ῤ ₮֒Ἕ ȂLSD
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Ἕ ҍ └Ȃ ἝҬ Ἕ ̆

Ἕ Ȃ ᾢ ҩἝ ̆ Ἕ

Ȃ Ҭ ᵌ ғ tῤ Ἕ ̆

ΐᵣ 2-4 Ȃ 

 

2-4  

 ҩ ѿҩ № ̆ ѿҩ Ȃ

Һ Һ ̆ ҩ Ȃ ῤ Ἕ

Һ ṿ ῤḠ ѿ ̆ Ἕ ҹ Ȃ

ῤ ᶛ ∞ ҹѿ Ȃ 

 ԍ LSD Ҋ̔ 

 ῀̔  

 ₮̔ѿ ↓ №  

 Step1̔ s=0.8 ῀ Ἕ Ȃ 

 Step2̔ ҩἝ ̆ Ȃ  

 Step3̔ ṿ ᴺ ̆ ↓ ̆ ҹ

UNUSEDȂ 

 Step4̔ ṿ ԍr Ҭ ᵝ ҹ UNSEDȂ 

 Step5̔ ₮↓ Ҭ ᵬҹ ̂Seed̃̆ ҹ USED 

   do: 

a.ץ Seedҹ ̆ UNUSED℗ ṿ[-t,t] ῤ

̆ ҹ USED. 

b. RȂ∞ ṿȂ

Ҍ ̆ R№ ҹ ҩ ̆ ⌠ ᴆȂ 
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c. NFAȂ Rᶏ NFA ṿ ԍ

ṿ̆ R ⱴ῀ ₮↓  

d. NFA 

e. Rᶏ NFA ṿ ⌠ᵞԍ ṿ̆Rⱴ῀ ₮↓  

step6̔ ⌠ ԓ ׆̆ Ҭ ⌠Ҋѿҩ ̆ ▼Ҋ ἝҬ

̆ ῃ ̆ ⌠ Ȃ 

2.3.2  

 Ҭ ҹ῏ ѿ Ȃ Ἕҍ Ἕ Ἕҍ

Ҭ ̆ ҹץ ᵝ ᵀ ȁᴨ Ȃ

ԍ ̆ ̔ ᵝ ȁ

ȁ Ҋ ᵞ ȂLilian Zhang ₮ԅ LBD [11]̆

῀ԅῃ ̆ Ȃ 

 ₮ ̆LBD ׆ Ȃ ⅞№ҹ

ѿ 1 2{ ; ;...; }mB B B  ̆ ҩ ғԑ ӊ Ȃ

ӈ Ld ֜ d^̆ 2-5 Ȃ 

 

2-5 LBD Ҭ  

 ѿҩ jB ץ ₮ jBD Ȃ ,

ץ LBD ̔ 
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 1 2( , ,..., )T T T T

mLBD BD BD BD=                 ̂ 2.13̃  

 jB ң 1jB -ȁ 1jB +

' ' '( , )
Ld dg g g

^
=

Ȃ ԍ k ̆ ̔ 

' '

' '

' '

0 0

' '

0 0

1 , 2 ,

3 , 4

d d

L Ld dL L

k k

j d j dg g

k k

j d j dg g

v g v g

v g v g

l l

l l

^ ^
^ ^
> <

> <

= =

= =

ä ä

ä ä
             ̂ 2.14̃  

ῒҬ ( ) ( )g lf k f kl= ҹ Ȃ ѿ ̆ ץ ₮ jBD

̔ 

1 2

1 2

4

1 2

1 2

1 1 ... 1

2 2 ... 1

3 2 ... 1

4 2 ... 1

n

j j j

n

j j j n

j n

j j j

n

j j j

v v v

v v v
BDM

v v v

v v v

³

å õ
æ ö
æ ö= Í
æ ö
æ ö
æ ö
ç ÷

             ̂ 2.15̃  

ῒҬn jB  Ҭ ҩ
2 , 1  

3 ,

w j or m
n

w else

=ë
=ì
í

 Ȃ jBD jBDM ṿ jM

 jS ̔ 

8

1 1 2 2( , , , ,..., , )T T T T T T m

m mLBD M S M S M S= Í         ̂ 2.16̃  

2.3.3 3D  

 ᵝ ᴨ Ṝ̆ 3D

̆ Ȃ 3D ̆ ᵞ

ᴪ ᵬ Ȃ ̆ ԅ ᾥ [12]

3D Ȃ 

 Ẋ ҉ ᴋ ң { } 3

1 2,x x Í ̆ №≢ ҹ

1 1 1 1 1( , , , )A x y z w= ȁ
2 2 2 2 2( , , , )B x y z w= Ȃ ӈ ᾥ ҹѿҩΈ

n
L

v

è ø
=é ù
ê ú
̆ 2- 6  
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2-6 ᾥ  

 ῒҬ ҕ̆ ҹO̕v ̆ A B n̕ҹ

3D ̆ ԍ ̆ 0Tn v= ̆

ṿҹ OAB҈ ԋṐȂ ץ Ҋ ̔ 

 = 

v OB OA

n OA OB OA v OB v

ë = -
ì
= ³ ³ = ³í

                (2.17) 

 ԍ҈ ᾥ ̆ Ҋ ̔ 

̂1̃ ᾥ v n̂̕ 

̂2̃ ⌠ ҹ
n

d
v

= Ȃ 

ҍ ᵌ, ױ cL ҹ Ҋ , wL ҹҕ

Ҋ .ԋ ӊ ῏ ҹ:  

[ ]

0
w c c

R t R
L HL L

R

³è ø
= é ù

ê ú
                       (2.18) 

                   1 [ ]

0

T T

c w wT

R R t
L H L L

R

- ³
è ø-

= é ù
ê ú

                     (2.19) 

Ҭ,  Rҹ ᵝ Ҭ , ;  tҹ ᾣ ҕ

; Hҹ Ȃ 

3D cL ⌠ Ἕ ⌠ lȂ ̆ ᾥ
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Ҭֽ cn ̆ cv Ҭ ԅ Ḥ ̆ Ҍ Ȃ ῏

Ҋ̔ 

( )

0 0

0 0

T

w w c

v

u

v u u v u v

l R n t v n

f

f

f c f c f f

k k

k

= - ³ =

è ø
é ù
=
é ù
é ù-ê ú

                      ̂ 2.20̃  

̂2.17̃ ̆ ̆ ᾥ Ҭֽֽ cn ץ

̆ cv Ḥ ̆ ⌠Ȃ 

2.3.4 3D ᵝ ∆  

ԍ ̆ ԍᴰ └̆ ◐ѿ׆ ἝҬ

ᵝ Ḥ Ȃᵖ ԍ Ἕ ҉ ⌠ ̆ ᴪ ᾢ ῒᵝ

∆ ̆ ױ Sola[22] ₮ ԍ ∆ ̆ Ҋ̔ 

Step1̔׆ ἝҬ 1 2( , )z p p= ̆ 1p ȁ 2p ңҩ

҉ Ἕ 1 1 1( , )u vp p p ȁ 2 2 2( , )u vp p p ̆ Ἕ Ҋ

ᾥ { }1 2 3, ,l l l l= ̆ ҹ 

1 2l p p= ³                             ̂2.21̃  

ῒҬ 1p ȁ 2p ңҩ Ȃ 

 Step2̔ l ̆ ῒ Ҋ ᾥ cL Ȃ ҉ѿ

⌠̆ ᾥ Ҭֽ cn ̆ ץ ҹ̔ 

1

cn K l-=                              ̂ 2.22̃  

Step3̔ cn ᵝ ̆ ᵬ c
c

c

n
n

n
= Ȃ ῏ ̆3D L  =

ԍ ᾣ l ҉Ȃ ᵝԍ ҉ ֜

{ }1 2=e x x̆↕̔ 
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1 1 2 2 1 2      ,cv Rbx bx b b= + Í               ̂ 2.23̃  

1 2 1
2 2

[ 0]
= ,       

( ) ( )

cy cx c

ccx cx

n n n

nn n
x x x= ³

+
            ̂2.24̃  

Ҭ̆ 1bȁ 2b e Ȃ ԍᴋ 3D ̆ ץ ⌠

1bȁ 2bҍӊ ғ̆ ᾥ v n̂Ȃ ̂2.12 ȁ̃̂2.23 ȁ̃̂2.24̃

῀ף
1

=
c

c

n
d

v b
= ̆ ץ ₮ ᾥ cL cv Ȃ 

Step4̔ ̂2.15̃̆ Ἕ cL ⌠ҕ

wL Ȃ 

2.4  

׃ ԅ ᶏ Ȃ ᾢ׃ ԅ ̆

῏ ԅ ȂҹԅḠ ץ

⌠ Ἕ ̆ ῀ԅ ’ ῤ Ȃ

׃ ԅ ἝҬ ҕ Ҋ ׆̆ ȁ ȁ

ȁ ∆ ̆

⌠ ԅ׃ Ȃ
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҈   

3.1  

Ἕᵀ ֲ ꜚ̆ Ȃ

ҹ ꜚ ֲ҉ ᵝ ̆ ץ ֲ ꜚ ᵀ ҹ

ᵝ ᵀ Ȃ Ἕ ↓ҹ 0: 0, 1{ ,..., }n nI I I I= Ȃ ң ӊ ̆ ᵝ

ѿ , 1k kR - , 1k kt - Ȃ ң
-1kI ȁ

kI ӊ ҹ

, 1k kR -̆ , 1k kt - ̔ 

, 1 , 1

, 1

1 , 1

0 1

k k k k

k k

k k k k

R t
T

C C T

- -

-

- -

è ø
=é ù
ê ú

=

                    ̂ 3.1̃  

ῒҬ
kC ȁ -1kC Ҍ ┴ ᵝ Ȃ ̆ ҹԅ׆ Ἕ

Ҭ Ȃ 

ֲ ᵝ 3-1 ̔ 

 

3-1 ֲ ᵝ  

ῒҬ
tx ֲ Ҍ ┴ ᵝ ̆

tu t ┴ ֲ ⌠ └Ḥ

̆
tz ꜚ⌠

tx ֲ֟ ̆m Ҭ Ȃ ѿ

ץ 3.1 ̔ 
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1

, ,

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

( , )

t t t t

t j j t t j

x f x u w
k N j M

z h m x v

-= +ë
= =ì

= +í
       ̂ 3.2̃  

ңҩ №≢ ֲ ꜚ Ȃ ̆ Ҭ̆

tx ⌠ jm Ṝ̆ ᴪ֟ Ȃ ԍ ̆ ԍ

ᴰ Ḥ ̆ ꜚ Ȃ ԅ ױ

̆ ꜚ Ȃ ҩᴨ ҩ Ȃ 

 ԍ ̆ ױ ԋ ҬẠ ̆

Ҋ ̔ 

' ' ' '

'

[ / , / ,1]Tc X Z Y Z

P Rp t

P P P P P

= +

=

' 2 4

1 2

' 2 4

1 2

(1 )

(1 )

c c c c

c c c c

u u k r k r

v v k r k r

= + +

= + +

'

'

s x c x

s y c y

u f u c

v f v c

ë = +î
ì
= +îí

 3pÍ cp ,c cu v

,R t 1 2,k k , , ,x y x yf f c c

,s su v

 

3-2  

Ҭ Ҭ 2 2 2

c c cr u v= +  Ȃ 

 ԍ ̆ ױ ץ ῒ ҹ̔ 

( , )z h x y=                          ̂3.3̃  

 x ᵝ ̆ ,R t̆ ף ҹxȂ ҈

p̆ ҹἝ [ ]
T

s sz u v Ȃ׆ ԋӗ ̆ ץ

Ώҹ̔ 

( , )e z h px= -                      ̂ 3.4̃  

ῒז ┴ ̆ ijz ҹ ᵝ ix jp ֟ ̆↕

ᵣ ₱ᴇף ҹ̔ 

2 2

1 1 1 1

1 1
( , )

2 2

m n m n

ij ij i j

i j i j

e z h px
= = = =

= -ää ää         ̂ 3.5̃  

ҩ ԋӗ ̆ ᵝ Ȃ 
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3.2 ԍ   

 ̆ ̆ ҹ№ץ VO

VOȂῒҬ ԍ ̆ ҹ ԍᾣ ȁ

ꜚ ᵣ Ҍ ̆ ץ Һ Ȃ ԍ

̆ῒ 3-3 ̔ 

Ἕ

╠ Ἕ

ꜚᵀ

 

3-3 ԍ  

ԍ ̆ῒ ꜚᵀ ᶭ Ҍ ӊ ῏

Ȃ҈ Ҭ ץ Ҍ Ἕ Ҭ ⌠̆ Ҍ Ἕ

̆ [12] ᵝ Ȃ 

 

3-4 ₃ᵥ  
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3-4 ₃ᵥ [13] ԅңҩ ἝҬ ₃ᵥ῏ Ȃңҩ Ҭ

ҹ 1O ȁ 2O Ȃ Ἕ 1I Ҭ 1p ̆ Ἕ 2I Ҭ 2p ױז̆

P ңҩ Ἕ ҉ Ȃ 1O ȁ 2O ȁP ѿҩ ̆ ҹ ̂Epipolar 

planẽȂ 1 2O O 1 2I I №≢ҹ 1eȁ 2e ̆ ҹ ̂Epipoles̃ , 1 2O O

ҹ (Baseline)̆ ңҩ ӊ ֜ 1l ȁ 2l ҹ ̂Epipolar line Ȃ̃ 

ԍ ꜚᵀ ̆ ץ ң Ȃ

ԍ ȁPnP(Perspective-n-Point)[14] ף

̂Iterative Closest Point̆ ICP̃ [15] Ȃ ̆

ᾢ ᵝ ̆Ῥ ᵝ Ȃ ᶏ ᴨ ̆↕ ץ

ᵝ ᵝ ᵬҹᴨ Ȃ ҹ ᶏױ ԅ ᵬҹᴰ

̆ ץ ׃ ԍ Ȃ 

3.2.1 ₃ᵥ 

 ᶏ ᵬҹᴰ ̆ ױ Ἕ ҉ Ἕ Ȃ 3-4

Ҭ P ҹ[ ], ,
T

X Y Z Ȃ ԋ ̆ ץ ₮ң Ἕ҉Ἕ

1p ȁ 2p Ἕ ᵝ ̔ 

1 2 ( )p KP p K RP t= = +̆                  ̂ 3.6̃  

Kҹ ῤ Ȃ  

 ̆ ̔ 

1 1

1 1 2 2,        x K p x K p- -= =                 ̂ 3.7̃  

1x ȁ 2x Ἕ ѿ Ȃ 3.6 ῀ 3.5 ̔ 

2 1x Rx t= +                   ̂ 3.8̃  

ң ӗ 2

Tx tØ̆ ץ ҹ̔ 

2 1 0Tx t Rx³ =                     ̂ 3.9̃  

ӈE t R= ³ҹ ̂Essential Matrix Ȃ̃ E ṿ№ ̆ ץ
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ᵝ Ȃ 

3.2.2  

ᵝ Ṝ̆ ԍ

ץ̆ Ҍ ᴰ ᴆҊ ̆ ҹԅ ᵝ ᵀ Һ

Ȃ ̆ Ạ ᾢ ₃ᵥȁPnP

ᵀ ᵝ ̆ ᵬҹ∆ ṿ̆

̂Reprojection error̃ ῒ Ȃ 

 

3-5  

ԍ P ῒ 1p ȁ 2p ̆ T̆Ӟ ᵝ

R̆ t̆ז ף ҹxȂ ҹ [ , , ]T

i i i iP X Y Z= ̆ Ἕ

[ , ]T

i i ip u v= Ȃԋ ῏ Ҋ ̔ 

exp( )

1
1

i

i

i

i i

i

X
u

Y
s v K

Z
xØ

è ø
è ø é ù
é ù é ù=
é ù é ù
é ù é ùê ú

ê ú

                  ̂3.10̃  

ҹ̔ 

exp( )i i is p K PxØ=                ̂ 3.11̃  

ᵖ ԍ ᵝ Ҍ ץ ̆ᶏ Ἕ 2p ̂ ⌠

ᵝ ̃ ᵀ ᵝ ⌠ ᵝ
2

p
Ø

ĕ 3-5
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̆ ҩ ҹ Ȃ ῒ ԋӗ ̆ ᵝ

̆ᶏ ̔ 

2

*

1 2

1 1
arg min exp( )

2

n

i i

i i

u K P
sx

x xØ

=

= -ä         ̂ 3.12̃  

[16] ӊ╠̆ ױ

̔ 

( ) ( )e x x e x J x+ º +                  ̂ 3.13̃  

 ԍ ᵝ ̆e Ἕ ᵝ ̆ҹ 2 ̕ x ᵝ ̆ҹ 6

Ȃ ץ Jᴪ ѿҩ 2x6 Ȃ Ҋ ҹ 'P̆

[ ]'

1:3=(exp( ) ) ' ' '
T

P P X Y ZxØ = Ȃ ԋ ̆ץ p

ҹ( ),u v ̔ 

'

'

'

'

x x

y y

X
u f c

Z

Y
v f c

Z

ë
= +îî

ì
î= +
îí

              ̂ 3.14̃  

ױ  xØ ӗ ꜚ x ̆ e ῏ԍ ꜚ ̔ 

0

( ) '

'
lim

e e e P

Px

x x

dx x dxµ 

µ µ Ä µ µ
= =

µ µ µ µ
         ̂ 3.15̃  

ῒҬÄ ף ҉ ӗ ꜚȂ3.14Ҭ ѿ ҹ ῏ԍ ̆

3.13 ₮̔ 

2

2

'
0

' '' ' '
=

''
0

' ' ' ' '

x

y

f Xfxu u u

e Z ZX Y Z

f Yv v vP fy

X Y Z Z Z

µ µ µ è øè ø
-é ùé ùµ µ µ µ

- =-é ùé ù
µ µ µµ é ùé ù -

é ùé ùµ µ µê ú ê ú

        ̂3.16̃  

3.14Ҭ ѿ ᵬҹ ῏ԍ ף ̆ҹ̔ 

'
= , '

P
I P

dx

Øµ
è ø-ê úµ

                     ̂ 3.17̃  

 (3.16) (3.17) ӗ̆ ץ ₮ 2x6 ̔ 
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2

2 2 2 2

2

2 2 2 2

' ' ' '
0

' ' ' ' '
=

' ' '' '
0

' ' ' ' '

x x x x x
x

y y y yx
x

f f X f X Y f X f Y
f

e Z Z Z Z Z

f f Y f Y f Xf X Y
f

Z Z Z Z Z

dx

è ø
- - + -é ùµ

é ù-
µ é ù

- - - - -é ù
ê ú

̂3.18̃  

 3.17 ҹ ῏ԍ ᵝ ף ѿ ῏

[24],[25]Ȃ ᴨ Ҭ ᶫԅ ̆ ᴨ  Ȃף

 

3.2.3  

 ҈ ̆ 3D-3D

3D-2D Ȃ3D-3D Һ ԑ ӊ 3̕D-2D

↕ ҈ ҍῒ Ȃ 3̆D-2D

[23]Ȃ  

ҍ ᵌ̆3D-2D Ӟ ᾢ ҕ Ҋ ᾥ

wL ҹ Ҋ cL ̆ cL Ἕ ҉

'l ̆ z sx ȁ ex ⌠ 'l [26]Ȃᵖ ҍ

Ҍ ̆ ҌῬ ṿ ṿӊ ̆

ӈ [ ', ']T T

s ee x l x l= ,ῒҬ sx ȁ ex z ңҩ Ȃ ץ

Ҋ ̔ 

2 2

1 21

2 2
2

1 2

'/
( ')

'/

T

s

T

e

x l l le
e d z l

e x l l l

è ø+è ø
é ù= = =é ù
é ùê ú +ê ú

̆                (3.19) 

Ҭ̆ { }1 2 3'= , ,
T

l l l l ̆ ץ ԋ ̂2.20̃ Ȃ Ҭ̆

ץ ἝҬ Ҍ ̆ z

№ ᶫ Ḥ ̆ Ҋ 3-6 Ȃ 
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3-6 ӈ 

    ₱ Ṝ̆ ᵀ ̆

₱ ̆ ₱ ῏ԍ [34]Ȃ ԍ

( ')e d z l= ̆ ̆ z ңҩ [ ]1 1 1
T

sx u v= ȁ [ ]2 2= 1
T

ex u v ̆

[ ]1 2 3'=l l l l ҹ 

2 2

1 2 1 2 1 1 3 1 1 1 2 1 2 3

3 3 2 2
2 2 2 22 2 1 2
1 2 1 2

2 2

2 2 1 2 2 1 3 2 1 1 2 1 2 3

3 3 2 2
2 2 2 22 2 1 2
1 2 1 2

1

( ) ( )

' 1

( ) ( )

u l l l v l l v l l l u l l

l ll l l le

l u l l l v l l v l l l v l l

l ll l l l

è ø- - - -
é ù

+é ù+ +µ
=é ù

µ - - - -é ù
é ù

+é ù+ +ê ú

        ̂ 3.20̃  

ῒҬ̆ 1 'T

se x l= ̆ 2 'T

ee x l= ̆ 2 2

1 2nl l l= +  Ȃ 

( )( )

( )

2 2 22
1 2 1 1 1 1 1 2 1 31 2 1 2 1 1 3 1 1

13 3 2
2 22 2 2 2
1 21 2

1 1
=

( ) n n

u l u l u l l l v l lu l l l v l l l e
u

l l
l ll l

+ - + + å õ- -
= -æ ö
ç ÷++

 ̂3.21̃  

 ץ

1 1 2 1
1 12 2

1 2 2 2
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3.3 ԍ  

 Ҭ ԅҺ ᵝ̆ᵖῒ Ӟ└

Ȃ ҉̆ᵖ ῒ

ᴪ ̆ ῒ ҉̆ ѿ ԅ

҉̆ └ԅ Ȃ ԍᶭ ᵀ ꜚ̆
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ԍ Ἕ҉ Ḥ ԅ Ȃ ἝḤ Ȃ

ғ ҹ῏ ̆ Ἕ Ȃѿ ₮

Ҍ ̆ ᴪᶏ ԍ Ȃ 

 ≠ Ἕ Ḥ ҍ ᵝȂ

ѿ ҉ᾥ ԅ ̆ ᶏ Ἕ҉ Ἕ

Ḥ Ȃ ҹ ̆ Ҋ̆ ׅ ץ

Ȃ 

3.3.1 ᾣ  

 P ҕ ҹ[ ], ,X Y Z ז̆ ңҩ ┴ ҉ Ἕ̆ ῒ

Ἕ ҹ 1p ȁ 2p Ȃ ѿ ȁ ҹ I ȁ0Ȃ ԋҩ

ѿҩ Ȃ ԋҩ ҹ Rȁt̂ ף ҹx̃Ȃңҩ

ΐ ῤ KȂ ҹ̔ 

 

3-7  
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3.3.2 ᾣ №  
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4.1  

 ԍ ̆ ᶭ ҈ Ҭ

ᵝ ᵀ Ȃ SVO

̂Semi- direct  visual  odometrỹ [17] ҉ ȂSVO

ᶏ ԅ Ȃ ԅ Ἕ҉ ֓῏ ̆ᵖ

̆ ῏ Ἕ Ḥ ᵀ ꜚȂ ҹҌ

῏ Ӟ̆Ҍ Ἕ Ἕ Ḥ ̆ ץ SVO

ץ Ȃ 

Ἕ

ᵝ ҍ ᴨ

῏ ∞

∆

Ἕ

҉ѿ

Ἕ

↓

ṿ ῀

ꜚᵀ

 

4.1 ԍ  

SVO ҉ ̆ ԅ Һᵣ Ȃ Һ

ңҩ ̔ ꜚᵀ Ȃ ҩ Һ ῤ Ҋ̔ 
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1̃ ꜚᵀ ̔ ῀ҹ ἝȂ ꜚᵀ Һ ҈ҩ ̆

ᾢ ң Ἕ ᵀ ᵝ ̆ Ҭ

Ữ ҈ ӊ╠ ᵝ ѿ ᴨ ⌠ ╠

ᵝ ̆ ᵝ Ȃ 

2̃ Һ̔ ⱳ Ȃ ῀ҹ ꜚᵀ

ᴨ Ἕ ↓Ȃ ᾢ∞ Ἕ ҹ῏ Ȃ ῏ ̆

ᵬҹ ῀ ↓̕ Ҍ ῏ ̆ Ἕ ҩ

№ Ȃᵖ № ̆ ⱴ⌠ Ҭ̆ᶫ ꜚ

ᵀ ᶏ Ȃ 

Ҋ ңҩ Ȃ 

4.2 ꜚᵀ  

 ꜚᵀ ̆Һ ᵝ ᵀ ⱳ Ȃ ᴪ ┴

ἝҬ ₮ Ḥ ̆ ᵀ ꜚȂ ᵝ ̆ ₮

҈ Ҭ ꜚ Ȃ 

4.2.1∆  

 ѿ Ἕ̆ ῒ Ἕ̆ ѿ Ἕ

Ȃ ᾢ ἝҬ FAST [17] Ȃ ἝҬ

ץ ⌠ 50ҩ ̆ ῒ ҹ ѿҩ῏ Ȃ 

 ѿ Ἕ ̆ Ҋѿ Ἕ̆ ԍ ѿ Ἕ ҈ ∆

Ȃ ң ӊ ꜚ №̆ ⌠ R̆

tȂ ѿҩ ̆ ԍ tӗץᴋ ̆ № ᶭ Ȃ

└ Ҍ ̆ Ȃᶏ

Ṝ̆ ῒ ѿ ∆ץ Ȃ ҩ ̆

ᴪ ∆ Ȃ 

ⱳ∆ ӊ ̆ ң Ἕ ᵬҹ῏ ῀⌠ ҬȂ

҉ ̆ ⌠ῒ ₮ Ṝ
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Ȃ῏ԍ ӊ Ȃ 

4.2.2 Ἕ  

 ⱳ∆ ӊ ̆ ꜚ̆ Ἕ ῀⌠

ꜚᵀ Ȃ Ἕ ᶏ ̆ Ἕ ᾣ ̆

ң Ἕ ᵀ ╠ ┴ ᵝ Ȃ 3- 7 ̔ῒҬ

, 1k kT -ҹᴨ Ȃ 

 

4.2  Ἕ  

Ἕ Ҋ̔ 

 Step1 Ẋ̔ ӊ ᵝ , 1k kT - ѿ̆ ץ 1k- ┴ ᵝ ᵬҹ∆

ṿȂ 1k- ┴ӊ╠ ᵀ ̆ ╠ Ἕ 1kI -Ҭ ῏

ᵝ Ḥ Ȃ 

 Step2̔ -1kI Ҭ ῏ ᵝ 1 1( , )k ku v- - Ḥ 1kd - ̆ ױ ץ

1kI - ῤ ῒ Ȃ ⌠ kI

҉̆ ᵝ , 1k kT - k ┴ Ҋ ̆

⌠ kI Ἕ ( , )k ku v ̆ Ȃ ץ Ἕ

̆Ӟ ץ ҉ № Ȃ 

 Step3̔ ҈ ̆ ױ ԍ Ҭ ѿҩ ̆

ң Ἕ҉֦ ṿ Ḡ Ҍ Ȃᵖ ҹ ױ ҉ѿ ┴ ᵝ ᵬҹԅ
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, 1k kT - ṿ̆ Ṝ֟ ԅ ̆ᾣ ֟ Ȃ ᴨ ᵝ

̆ᶏ ᾣ ̆ ץ ᴨ , 1k kT -Ȃ 

, 1

2 2

, 1 , 1 , 12 2

1
arg min ( , ) + ( , )

2k k
k k p k k i l k k j

T
i P i L

T I T x I T ld d
-

- - -

Í Í

ë û
= ì ü

í ý
ä ä           ̂ 4.1̃ 

ῒҬ 

1

1

0

1

1
= ( ( ) ( )

( , )= ( ( ( , ))) ( )
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i

l

p i k i x

N

l k n k n

n

k i

j

l

I T x I T x d I

I I TT wl w
N

x

Id

d p p

p

-

-

-

=

-

-ä̂ ̃
          ̂ 4.2̃ 

ף ̆ ץ Ȃ ҈ Ҭ ̆ ҌῬ

Ȃ 

Ἕ ̆ ױ ץ ᵀ ₮ ᵝ Ȃ 

4.2.3  

ᾣ ԅ ᵝ ̆ᵖ ԍ Ἕ

ᵝ ̆ ̆ ᴪ

₮ Ȃ ץ Ҍױ k ┴ ᵝ ̆

Ἕ kI Ҭ ᵝ Ӟ ҍ ᵝ ̆ 4- 3  ̔

 

4- 3  

Ҭ Ἕ ᵝ ̆ ҹ ᵝ Ȃԋ ӊ Ẓ Ȃ ץ

ꜚᵀ ̆ ⱴ῀ԅױ ѿ ᴨ Ȃ 
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Ҭ Ḡ ԅ ҉ ȁ Ȃ ᴋ

ѿ Ἕ̆ ѿ Ȃ ֓ Ҍֽ ῒ

῏ ҉̆Ӟ ץ ῒז ⌠̆ 4- 4 Ȃ ╠ Ṝ̆

ᴪ׆ ῏ Ҭ ῍  

 

4- 4 ҍ  

╠ Ṝ̆ ᴪ׆ Ҭ ῏ Ȃ╠ ̆ ֓῏

҉ ץ ⌠ ╠ Ȃ ̆ ҬḠ Ṝ Ӟ

⌠ ╠ ҉Ȃ ⌠ Ṝᶭ ῏ ╠ ӊ ̆ ῏

ᾢ Ȃ ῏ ҉ ̆ ⌠ҍῒ ̆

Ῥ ѿѿױ Ȃ ҩ ᴪ ѿ Ȃ 4- 5 Ȃ

╠ Ҭ ץ ҩ Ȃ Ҭ̆ Ҍᴪ

Ȃ ╠ № ̆ ᴪ ҩ Ҭ

Ȃ 
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⌠῏

Ḡ ῏

ҩ῏ ҉

῀῏ Ṝ

Ȃᵝ ᵬ

 

4- 5  

Ἕ ̆ ױ ץ ╠ ᵝ Ȃ ֓

⌠ ╠ ̆ ᵝ ᵝ ӊ ᴪ ѿ Ẓ Ȃ ԍ Ҍ Ẋ ̆

ԅѿҩ ̆ ᵝ ᴨ ̔ 

'

2
' '

2

1
argmin ( ) ( )

2i

i i i r i
u

i R

u I u A I u
Í

= -ä            ̂ 4.3̃ 

̆ ҌῬ ᵝ ᴨ ̆ ᴨ Ἕ ᵝ ȂῈ 4.3 Ҭ̆

'( )iI u ╠ Ἕ҉ Ἕ ֦ ̆ ( )r iI u  ↕ ⌠ῒ

῏ ҉ Ἕ ṿȂ ҹң Ἕӊ ѿ ̆ ץ Ẓ

Ṝ̆ⱴ῀ԅᴏ [18]Ȃ 

ᵝ ̆ Ἕ Ҭ ᵝ

ᵝ ⱴ ‰ Ȃ≠ ₮ Ӟ ѿ ᴨ ᵝ ȁ

҈ Ȃ 

4.2.4ᵝ ᴨ  

Ἕ Ҭ̆ ᾣ ᴨ Ȃ ̆ ԅ

ᴨ ᵝ ̆ ∆ ṿ Ẓ Ȃ ץ ԍ ╠ ҉
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ip jl ̆ P Lҍῒ ̆ ᴨ ╠

ᵝ ,k wT ̆ᶏ ȁ ᵝ ᶃ ᵝ Ȃ 

,

22

,

1
arg min +

2 p Lk w
c c

k w p i l j
T

i X j X

T ep elr r
ä äÍ Í

å õ
= æ ö

ç ÷
ä ä ̂4.4̃ 

̆ ҌῬ ᾣ ̆ ҹԅἝ ᵝ Ẓ ̆ᴨ

↕ ᵝ Ȃ cX ↕ ӊ Ȃ 

̆ץ ꜚᵀ ץ ҹ̔ 

Step1̔ ᵝ ᵀ ̕ 

Step2̔ ̆ ╠ ἝҬᵝ Ȃ ԍ ╠ ᵝ

ᵀ ̆ ҩ ᵝ ᵝ ̕ 

Step3̔ ҩ ⱳ ̆ ֓ ∆ Ἕҍ ╠

ἝȂ ᾣ ̆ ⱴ ᵝ ̕ 

Step4̔ ҉ѿ Ҭ ᵝ ̆ ᵝ ҍ ᴨ Ȃ 

4.3  

Һ ᴋⱵ ᵀ Ȃ ҈

Ṝ̆ ѿ Ἕ Ҭ Ḥ Ȃ ‗Ⱳ

ң Ἕ҉ ῍ ῏ ҈ ̂

4- 6 ̃ ᵀ ֓ ṿȂ 

 

4- 6҈  

 Ҭ̆ ‰ Ḥ ҹṜ ̆ ṿ






















































