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Abstract: Augmented reality (AR) is a technique that allows to seamlessly composite virtual objects or informa-
tion into real scene. Compared to traditional text, images and videos, AR is a more effective and intuitive way for
information presentation and has wide applications. Simultaneous localization and mapping (SLAM) is a key
fundamental technique for augmented reality, which provides the ability of self-localization in an unknown envi-
ronment and mapping the 3D environment simultaneously. The localization and mapping enables fusion of virtual
objects and real scenesin ageometrically consistent way. In this paper, we describe the basic principles of Visual
SLAM, and introduce some state-of-the-art monocular SLAM methods with deep analysis and comparison. Fi-
nally, we discuss some research tendency in recent years and make conclusions.

Key words: augmented reality; simultaneous localization and mapping; structure-from-motion; multi-view
geometry; camera tracking

1 (
) ( ) ,
: 2016-04-30; 1 2016-05-11. €W H: (2012BAH35B02); (61232011,
61272048); (2015XZZX005-05); (201245). X8
(1987—), : . EE#(1981—),

; BB FE (1966—), , , , CCF



856 THENUH Bkt 5 B 2254 % 284
, , , B
V-SLAM
) V-SLAM,
, . V-SLAM
, GPS C-Cy,
) ’ Xl o xn * Ci
; , 3x3
. R p. R, p
(visual smultaneous localization and mapping, X; C
V-SLAM
) ) ‘ (X;Y;.2)T =R (X, - ) &)
/ / ’ fxy fy X1 y ’
V-SLAM ,
(Cx'cy) ’
- o 1)(2 :
(simultaneous localization h )
and mapping, SLAM) (-4, !
C X ,
, (structure— V-SLAM
Mot (5]
from-motion, SFM)™. SFM ( 1 X,
' X115 X015 X31 )
SFM , V-SLAM. SLAM
1 1 . m n R
SLAM [+469] agmin ZZ"h(Ci X)) = X "2 4
Cl"'cmvxl"'xn i=1 j=l ij
SLAM , SLAM CroeCmy Xy X, X
, SLAM G hy;
; Xij
( Durrant- X ~ N(%;, Z5) ||e||2 —e' Jle.
(3-4]
10 ), SLAM
SLAM ,
3 V-SLAM
, V-SLAM

1 V-SLAM BIE KRB

V-SLAM



%6 . & 857
V-SLAM , SLAM 2
SLAM MonoSLAM™®  MSCKF*,
, , MonoSLAM Davison
SLAM . MonoSLAM
: V-SLAM X ot C
IMU  ( ). SLAM XXy
VIN(visual-aided inertial navigation) VI-SLAM ( 2a )
(visud-inertial SLAM). 2 (G,C,) ,
IMU Z ={z-2}, VI-SLAM ,
[11-13] 2b );
. JUL ~ !
BCLLIPIUC R P (2
m-1
2 1f(€.z)~Cal, )
i=1
(4 , VI-SLAM
, f(C.2) % G '
T, .
(Continuous Time System)!*!
(Preintegration) ™ | , VI-SLAM
v, IMU b,
G=(R.p.v.b).
GPS p°,

argmin iillh(ci X)) =R+
Cr Con Xa+ X, i1 121 "

m-1 ol ~G
> (€20 -Cuall, + X [p-87], ®
i=1 =1 |

GPS
p® ~N(PS A;) .

2 RERMEHV-SLAM &%
) V-SLAM

V-SLAM.
V-SLAM ,
21 ETIRIESEH V-SLAM
V-SLAM
t
X ~N(X,R), X ,
R

C.

2 MonoSLAM

[16]



858 AU B 115 BB 22 4 o 28 %

). MonoSLAM
(18]

Shi-Tomasi
(active search)!*

MonoSLAM
(extended Kaman filter, EKF). (Prediction)
G = f(CG1,aAta,Al) (7
a, a, ,
a,~N@Or,), a,~N@O,I,), At 2
(Update)
X; =h(C;, X;)+n, (8)
j Xj :
N@©.X)). (55 , MonoSLAM
X s
{Clctfl} )
EKF : 1)
( V-SLAM
), EKF ,
L evenberg-Marquardt!?”

)
on’),

EKF , Mourikis
171 2007 MSCKF. MSCKF
VI-SLAM , , IMU
(4. , MSCKF |

C={CuG}t. C G

, cC G ,
. , MSCKF
(Marginalization), G X

(GGl : o(n®)

o(nl®). | <<n,

2.2 ETx#bi BA By V-SLAM
PTAM SFM ,

BA V-SLAM ., Klein Y 2007
, 2009 iPhone 3G [,

PTAM : (Tracking)
(Mapping) 2 2
( a )
( 3 )
4( BA); BA ,
C[ 3
a
b.
3 PTAM [24]
FAST &
. n ~
argmin )" w; ||h(q,xj)—xj|| 9
G = 2
w;  Tukey [24] ,
(Outliers) . (Inliers)
( )1
[25]
.G



% 61 , & 859
(Epipolar Line)® o 2 BA ,
: (Triangulation)™® ORB-SLAM . BA
, BA, ( 4 ). 3) PTAM
. 2 ;2
PTAM V-SLAM ,
, V-SLAM PTAM (Parallax),
.Mur-Artd 2015 . ORB-SLAM
ORB-SLAM V-SLAM 2 . 4) PTAM
ORB-SLAM PTAM , .ORB-SLAM
4 1) ORB-SLAM ORB 27 ,
ORB 28 PTAM .
, , BA
, . CAD&CG
. 2) ORB- 2013 RDSLAME
SLAM , PTAM /
: (=) SIFT[Y
( )' y ]
(Pose Graph)
( 4a ) ., RDSLAM RANSAC®2
g ; ,
( 4 )2 RANSAC
Sij » ,
g20!* , ( 4c, 4d )
agmin > (& & o E) ZNE o E70&)  (10) :
frrbn (6.5)) V-SLAM .
L & ( ) 23 ETEHIZRIEH V-SLAM
BA  V-SLAM
(
) : , (Direct
Tracking) ,
a ( ) b ( )
. 2
V-SLAM DTAME®  LSD-SLAMEA,
DTAM  Newcombe 2011
V-SLAM ,
( 5a ). , DTAM
AR (
C. d. 5b ),
4 ORB-SLAM 1261 , DTAM



860 AU B 115 BB 22 4 o 28 %

C C,
< ! G G
Sty s
agmin 3, Ir(x, Dy (0. &)l (11)
tv xe,
1) :
r(x,Dy(x). &) = I, (X) — It (@(x, Dy(x), &) (12)
IV DV C:V
, L2, ,
a(X,Dy(X), &) v X
t
5 DTAM 133
r D, ( 5c ).
(Inverse Depth) [ . 5d
, DTAM MxNxS ,
M x N , S .
DTAM r me N(r), r
X d=D,(x)
(Voxel)
1
C(x,d)=—"— d, & 13
(x,d) |N(r)|m€%:(r)||r(x ) R )
r() (12). argminC(x,d)
d
, DTAM
(Regularization Term)
R(x,d) = g(x)[ VD, (x|, (14)

, 9(x) ,

9(x) = e*“HV'r(X)Hf (15)
||, Huber ,
||x|| _ ||X||§/2& if "X"2 S¢ (16)
¢ X|. —&/2, otherwise
1

.DTAM
argminI(R(x,Dr(x))+ﬂC(x,Dr(x)))dx (17)
Dr

(total variation, TV) [
DTAM
, DTAM
, GPU ,
.Engel 1 2013
(visual odometry, VO) ,

V-SLAM LSD-SLAMPBY,
. DTAM ,LSD-SLAM
( 6a ),
a
b.
6 LSD-SLAM (34
LSD-SLAM ,
k e Dy V.
X
N(Dy (X),Vi (X)) . LSD-SLAM
t k Sk s
. | r2(x, D (%), &) |
argmin ) B AR I (18)

¢ o2 (6D 0,85
’ Qk ; I‘()
(12); o?(x,&) r() ,



% 61 , Z 861

o? (%, D (%), &) =207 + : PTAM
o (x.DL (X). 1) 2 BA V-SLAMP? MSCKF
[Wj (x) (19) ; ;
MU, .
IHls o  Huber Outliers BA PTAM,RDSLAM ORB-SLAM
. LSD-SLAM SIFT ORB
X ( ), , PTAM BA
I, (%) , PTAM ORB-SLAM
d, o2, EKF D, Vi ’
Dy (x) « vk} +U§5(X) LSD-SLAM | DTA,M
A (20) ORB-SLAM. [26]
Vi (%) <_L)U§2 TUM RGB-D [40] , LSD-SLAM
Vi (X) + o ORB-SLAM  5~10
ORB-SLAM  , LSD-SLAM  MonoSLAM o) .
, . n )
- k o MSCKF ond, n
it ,|
(ki Kj) Si . MSCKF ,
z, (10). ! , ,
24 SHFFILLE: PTAM  ORB-SLAM
V-SLAM 1 , . RDSLAM
, MSCKF  VI-SLAM PTAM ORB-SLAM
V-SLAM, SIFT
DTAM  LSD-SLAM
, V-SLAM , ,
, V-SLAM , ,
. MonoSLAM o(n®)
MonoSLAM , . MSCKF
V-SLAM , , .PTAM  RDSLAM
Rx1 EXHBHV-SLAM REGLLE
BA
MonoSLAM MSCKF PTAM  ORB-SLAM  RDSLAM DTAM  LSD-SLAM
v vvv vv vvv vv vv v
v vv vvv vvvy vv vv vv
v vvvv vv vvvv vvvy v vvvvy
v vvv v v v vv vv
X X vv vV vvv vv vy
vv vvvvy vvv vvvy vvvvy vvv
vy vvvv vv vvvy vvv v
vvv vvvv v vv v v
v vv v v vvv v
v X X vvv vv X vvvy




862 TP BB 5 BB 2224 5 28 4
BA IMU ,

PTAM , . LSD-

- RDSLAM BA , SLAM  DTAM
KDTree (411 PTAM , ,

, . ORB-SLAM

LSD-SLAM BA,

.DTAM ,
. MonoSLAM, MSCKF . PTAM

V-SLAM . ,
DTAM LSD-SLAM

VI-SLAM,
IMU ,

MSCKF

. MonoSLAM EKF

. PTAM
MonoSLAM
MonoSLAM
PTAM , DTAM
[42]
. MSCKF, RDSLAM  ORB-
SLAM
(MSCKF  RDSLAM SIFT  ,ORB-SLAM
ORB ), (RDSLAM
KDTred*!, ORB-SLAM (43,
(RDSLAM
). LSD-SLAM
PTAM, RDSLAM  ORB-SLAM
, RDSLAM

ORB-SLAM PTAM. MSCKF

RDSLAM, ORB-SLAM  LSD-SLAM

(RDSLAM KDTred*!, ORB-SLAM

43| SD-SLAM FAB-MAP [s8l)

, PTAM
. MonoSLAM

MSCKF , , MSCKF

IMU , . PTAM

RDSLAM

ORB-SLAM, DTAM  LSD-SLAM

ORB-SLAM

DTAM  LSD-SLAM

. Mono-SLAM, MSCKHF
PTAM, ORB-SLAM, DTAM, LSD-SLAM

: RANSAC!
(  Huber, Tukey ) ,



863

, Outliers
, . MSCKF
IMU ,
. RDSLAM
RANSAC
, RDSLAM
. MonoSLAM
1 (
)l
. RDSLAM
, SIFT
BA
Ouitliers ,

. MSCKF, PTAM  DTAM
. ORB-SLAM  LSD-SLAM

\]

3 EFEMRARSEARES

V-SLAM . ,

31 ZMFHERH
V-SLAM

[44]

. Forster [

(semi-direct VO, SVO),

V-SLAM ,

.Klein 2008
, 7a .LSD-SLAM

7b
SFM VO
(4647 Concha 3
( 7c ):
(Superpixel). Concha  [4849)
PTAM LSD-SLAM
) V-SLAM
( 7d )
[50] [51]
a [25] b. [37]
c. (48] d. (0]
7
32 WE=%HEEZE
V-SLAM
(52]
531, 2010
RGB-D Kinect,
. Newcombe [®4
RGB-D SLAM KinectFusion. KinectFusion

TSDF(truncated signed distance function)!®

TSDF
, Marching Cube [56]
TSDF O

, (Ray Cast) TSDF



864

TP BB 5 BB 2224

% 28 %

0 . , KinectFusion

, 2

, TSDF
KinectFusion
, 2)

(58]

; [59]
RGB-D®Y 3

; [64]

V-SLAM RGB-D
2.3 DTAM

V- SLAM . Schops 14

8a ). Pizzoli [®
REMODE,
. Tanskanen [®7
( 8

: icp B

0 1)
ICP
; 3)
, Whelan

ICP, FOV15

[62] DBow*
: [63]

(Surfel)!®

V-SLAM ,

AR

SLAM

LSD-SLAM

LSD-SLAM
: AR
(

Koley [68

), IMU

. Pradesp

MonoFusion
druska [ M obileFusion
( 8c ). Schéps
Project Tango

. On-

[71]

a AR (44

b. 167

c. MobileFusion!™

d. (72

(1.1,

(Patch) NCC(normalized cross correlation)

, [67-68]

. MonoFusion'®

PatchMatch (72

. DTAM
REMODE (  (19)

, . REMODE
[73] ,

Inlier



% 61 , & 865
Kolev [®8 = , . ,
, MSCKF 2.0 First-Estimate Jacobian!™®
QOutliers . MonoFusion, MobileFusion , ,
Schops 1™ Project Tango [77-78]
TSDF ( )
Outliers.
[11-13,79]. EKF
, GPU . AR SLAM
: GPU EKF ,
, CPU ’ [11-12] [15]
[34,74]
, IMU . [79]
33 ZiREFEME iSAM2,
[13]
: V-SLAM
: IMU
; SLAM
* 3.4 HLFREM
, V-SLAM
IMU, , V-SLAM
, , BA V-SLAM
( 22 ),
1 1
. t , c={C, '
C,,-,G}, 30 s , ,
30 , , V-SLAM
, , [80-82]
I {CaCl}, (Rolling Shuitter)
' [83-86] '
SLAM ( ,
| =1). , , RANSAC ,
. MSCKF I [3087] IMU
. Li
(79] MSCKF 2.0. MSCKF

(Observahility Analysis) ,
(Linearization Point) ,
(Yaw, )

4 & &



FHETHLANBY 5 P 2

% 28 %

866
. SLAM
SLAM :
CPU
, SLAM
SLAM
SLAM
£ 2 3k (Refer ences):

(1

(2]

(3]

(4]

(9]

(6]

(8]

(9

(10

Smith R C, Cheeseman P. On the representation and estimation
of spatial uncertainty[J]. International Journal of Robotics Re-
search, 1986, 5(4):56-68
Smith R, Self M, Cheeseman P. Estimating uncertain spatial
relationships in robotics{M] //Autonomous Robot Vehicles. New
York: Springer, 1990: 167-193
Durrant-Whyte H, Bailey T. Simultaneous localization and
mapping: Part I[J]. IEEE Robotics & Automation Magazine,
2006, 13(2): 99-110
Bailey T, Durrant-Whyte H. Simultaneous localization and
mapping(SLAM): Part 11[J]. IEEE Robotics & Automation
Magazine, 2006, 13(3): 108-117
Hartley R, Zisserman A. Multiple view geometry in computer
vision[M]. Cambridge: Cambridge University Press, 2004
Aulinas J, Petillot Y R, Salvi J, et al. The SLAM problem: a
survey[J]. CCIA, 2008, 184(1): 363-371
Ros G, Sappa A, Ponsa D, et al. Visua SLAM for driverless
cars. a brief survey[C] //Proceedings of IEEE Workshop on
Navigation, Perception, Accurate Positioning and Mapping for
Intelligent Vehicles. Los Alamitos: IEEE Computer Society
Press, 2012: Article No.3
He Junxue Li Zhanming. Survey of vision-based approach to
simultaneous localization and mapping[J]. Application Re-
search of Computer, 2010, 27(8): 2839-2843(in Chinese)
( , .

[J. , 2010, 27(8): 2839-2843)
Liang Mingjie, Min Huaging, Luo Ronghua. Graph-based
SLAM: asurvey[J]. Robot, 2013, 35(4): 500-512(in Chinese)
( , , .

[J. , 2013, 35(4): 500-512)

Triggs B, Mclauchlan PF, Hartley R |, et al. Bundle adjustment —
amodern synthesig[C] //Proceedings of International Workshop
on Vision Algorithms: Theory and Practice. Heidelberg: Springer,
1999: 298-372

(1]

(12]

(13]

(14]

(19]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]
[29]

(26]

(27]

(28]

Indelman V, Williams S, Kaess M, et al. Information fusion in
navigation systems via factor graph based incremental smooth-
ing[J]. Robotics and Autonomous Systems, 2013, 61(8): 721-
738

Forster C, Carlone L, Dellaert F, et al. IMU preintegration on
manifold for efficient visual-inertial maximum—a-posteriori
estimation [C] //Proceedings of Robotics: Science and Systems.
Rome: Robotics: Science and Systems, 2015: Article No.6
Leutenegger S, Lynen S, Bosse M, et al. Keyframe-based vis-
ual-inertial odometry using nonlinear optimization[J]. The In-
ternational Journal of Robotics Research, 2015, 34(3): 314-334
Chatfield A B. Fundamentals of high accuracy inertial naviga-
tion[M]. Reston: American Institute of Astronautics and Aero-
nautics, 1997

Lupton T, Sukkarieh S. Visua-inertial-aided navigation for
high-dynamic motion in built environments without initial con-
ditiong[J]. |EEE Transactions on Robotics, 2012, 28(1): 61-76
Davison A J, Reid | D, Molton N D, et al. MonoSLAM: real-
time single camera SLAM[J]. |EEE Transactions on Pattern
Analysis and Machine Intelligence, 2007, 29(6):1052-1067
Mourikis A, Roumeliotis S. A multi-state constraint Kalman fil-
ter for vision-aided inertial navigation[C] //Proceedings of
IEEE International Conference on Robotics and Automation.
LosAlamitos: |EEE Computer Society Press, 2007: 3565-3572
Shi J, Tomasi C. Good features to track[C] //Proceedings of
|EEE Conference on Computer Vision and Pattern Recognition.
LosAlamitos: |EEE Computer Society Press, 1994: 593-600
Davison A J. Active search for real-time vision[C] //Proceedings
of IEEE International Conference on Computer Vision. Los
Alamitos: |[EEE Computer Society Press, 2005, 1: 66-73

Moré J. The Levenberg-Marquardt algorithm: implementation
and theory[J]. Numerical Analysis, 1978, 630(1): 105-116
Klein G Murray D. Parallel tracking and mapping for small AR
workspaces|C] //Proceedings of |[EEE and ACM International
Symposium on Mixed and Augmented Reality. Los Alamitos:
|EEE Computer Society Press, 2007: 225-234

Klein G, Murray D. Parallel tracking and mapping on a camera
phone[C] //Proceedings of |IEEE and ACM International Sym-
posium on Mixed and Augmented Reality. Los Alamitos: |EEE
Computer Society Press, 2009: 83-86

Rosten E, Drummond T. Machine learning for high-speed cor-
ner detection[C] //Proceedings of European Conference on
Computer Vision. Heidelberg: Springer, 2006, 1: 430-443
Huber P J. Robust statistics]M]. Hoboken: Wiley, 2009

Klein G Murray D. Improving the agility of keyframe-based
SLAMIC] //Proceedings of European Conference on Computer
Vision. Heidelberg: Springer, 2008, 2: 802-815

Mur-Artal R, Montiel JM M, Tardos J D. ORB-SLAM: a ver-
satile and accurate monocular SLAM system[J]. |EEE Transac-
tions on Robotics, 2015, 31(5): 1147-1163

Rublee E, Rabaud V, Konolige K, et al. ORB: an efficient al-
ternative to SIFT or SURF[C] //Proceedings of |EEE Interna-
tional Conference on Computer Vision. Los Alamitos: |IEEE
Computer Society Press, 2011: 2564-2571

Mur-Artal R, Tardds J D. Fast relocalisation and loop closing in
keyframe-based SLAM[C] //Proceedings of IEEE International
Conference on Robotics and Automation. Los Alamitos: |EEE
Computer Society Press, 2014: 846-853



% 61 , &

867

[29]

(30]

(31]

(32

(33]

(34]

(39]

(36]

(37]

(38]

(39]

[40]

[41]

(42

(43]

[44]

Kimmerle R, Grisetti G Strasdat H, et al. g20: a genera
framework for graph optimization[C] //Proceedings of |IEEE
International Conference on Robotics and Automation. Los
Alamitos; |EEE Computer Society Press, 2011: 3607-3613

Tan W, Liu H, Dong Z, et al. Robust monocular SLAM in dy-
namic environments[C] //Proceedings of IEEE International
Symposium on Mixed and Augmented Reality. Los Alamitos:
|EEE Computer Society Press, 2013: 209-218

Lowe D G Digtinctive image features from scale-invariant
keypointg[J]. International Journal of Computer Vision, 2004,
60(2): 91-110

Fischler M A, Bolles R C. Random sample consensus: a para-
digm for model fitting with applications to image analysis and
automated cartography[J]. Communications of the ACM, 1981,
24(6): 381-395

Newcombe R A, Lovegrove S J, Davison A J. DTAM: dense
tracking and mapping in real-time[C] //Proceedings of IEEE
International Conference on Computer Vision. Los Alamitos:
|EEE Computer Society Press, 2011: 2320-2327

Engel J, Schops T, Cremers D. LSD-SLAM: large-scale direct
monocular SLAM[C] //Proceedings of Computer Vision —ECCV
2014. Heidelberg: Springer, 2014: 834-849

Civera J, Davison A J, Montiel J M M. Inverse depth pa-
rametrization for monocular SLAM[J]. |IEEE Transactions on
Robotics, 2008, 24(5): 932-945

Chambolle A, Pock T. A first-order primal-dual algorithm for
convex problems with applications to imaging[J]. Journa of
Mathematical Imaging and Vision, 2011, 40(1): 120-145

Engel J, Sturm J, Cremers D. Semi-dense visual odometry for a
monocular camera[C] //Proceedings of |IEEE International
Conference on Computer Vision. Los Alamitos: |EEE Computer
Society Press, 2013: 1449-1456

Glover A, Maddern W, Warren M, et al. OpenFABMAP: an
open source toolbox for appearance-based loop closure detection
[C] //Proceedings of |EEE International Conference on Robotics
and Automation. Los Alamitos: IEEE Computer Society Press,
2012: 4730-4735

Strasdat H, Montiel JM M, Davison A J. Real-time monocular
dam: Why filter?[C] //Proceedings of IEEE International Con-
ference on Robotics and Automation. Los Alamitos: |IEEE Com-
puter Society Press, 2010: 2657-2664

Sturm J, Engelhard N, Endres F, et al. A Benchmark for the
evauation of RGB-D SLAM systemqC] //Proceedings of IEEE/RS]
International Conference on Intelligent Robots and Systems.
LosAlamitos: |IEEE Computer Society Press, 2012: 573-580
Arya S, Mount D M, Netanyahu N S, et al. An optimal algo-
rithm for approximate nearest neighbor searching in fixed di-
mensions]J]. Journal of the ACM, 1998, 45(6): 891-923
Lovegrove S, Davison A J. Real-time spherical mosaicing using
whole image alignment[C] //Proceedings of European Confer-
ence on Computer Vision. Heidelberg: Springer, 2010, 3: 73-86
Galvez-Lopez D, Tardos J D. Bags of binary words for fast
place recognition in image sequences]J]. IEEE Transactions on
Robotics, 2012, 28(5): 1188-1197

Schops T, Engel J, Cremers D. Semi-dense visual odometry for
AR on a smartphone[C] //Proceedings of IEEE International
Symposium on Mixed and Augmented Reality. Los Alamitos:

[45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(59]

(56]

(57]

(58]

(59]

|EEE Computer Society Press, 2014: 145-150

Forster C, Pizzoli M, Scaramuzza D. SVO: fast semi-direct
monocular visual odometry[C] //Proceedings of IEEE Interna-
tional Conference on Robotics and Automation. Los Alamitos:
|EEE Computer Society Press, 2014: 15-22

Nurutdinova |, Fitzgibbon A. Towards pointless structure from
motion: 3D reconstruction and camera parameters from general
3D curves[C] //Proceedings of the |EEE International Conference
on Computer Vision. Los Alamitos: IEEE Computer Society
Press, 2015: 2363-2371

Tarrio J J, Pedre S. Realtime edge-based visual odometry for a
monocular camera]C] //Proceedings of the |IEEE International
Conference on Computer Vision. Los Alamitos. |[EEE Com-
puter Society Press, 2015: 702-710

Concha A, Civera J. Using superpixels in monocular SLAM[C]
/IProceedings of IEEE International Conference on Robotics
and Automation. Los Alamitos: |EEE Computer Society Press,
2014: 365-372

Concha A, CiveraJ. DPPTAM: dense piecewise planar tracking
and mapping from a monocular sequence[C] //Proceedings of
IEEE/RSJ International Conference on Intelligent Robots and
Systems. Los Alamitos: |EEE Computer Society Press, 2015:
5686-5693

Salas M, Hussain W, Concha A, et al. Layout aware visual
tracking and mapping[C] //Proceedings of |IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems. Los Ala-
mitos: |EEE Computer Society Press, 2015: 149-156

Concha A, Hussain W, Montano L, et al. Incorporating scene
priors to dense monocular mapping[J]. Autonomous Robots,
2015, 39(3): 279-292

Furukawa Y, Ponce J. Accurate, dense, and robust multiview
stereopsig[J]. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, 2010, 32(8): 1362-1376

Wendel A, Maurer M, Graber G et al. Dense reconstruction
on-the-fly[C] //Proceedings of IEEE Conference on Computer
Vision and Pattern Recognition. Los Alamitos: |EEE Computer
Society Press, 2012: 1450-1457

Newcombe R A, lzadi S, Hilliges O, et al. KinectFusion:
real-time dense surface mapping and tracking[C] //Proceedings
of |IEEE International Symposium on Mixed and Augmented
Redlity. Los Alamitos: IEEE Computer Society Press, 2011:
127-136

Curless B, Levoy M. A volumetric method for building com-
plex models from range images[C] //Proceedings of the 23rd
Annua Conference on Computer Graphics and Inter-Active
Techniques. New York: ACM Press, 1996: 303-312

Lorensen W E, Cline H E. Marching cubes: a high resolution
3D surface construction algorithm[C] //Proceedings of the 14th
Annua Conference on Computer Graphics and Interactive
Techniques. New York: ACM Press, 1987: 163-169

Yang C, Medioni G. Object modelling by registration of multi-
ple range images[J]. Image and Vision Computing, 1992, 10(3):
145-155

Whelan T, Kaess M, Fallon M, et al. Kintinuous: spatially ex-
tended KinectFusion[R]. Cambridge: Massachusetts Institute of
Technology, MIT-CSAIL-TR-2012-020, 2012

Whelan T, Johannsson H, Kaess M, et al. Robust real-time vis-
ual odometry for dense RGB-D mapping[C] //Proceedings of



868

FHETHLANBY 5 P 2

% 28 %

(60]

(61]

[62]

(63]

(64]

(65]

(66]

[67]

(e8]

[69]

[70]

[71]

[72)

[73]

IEEE International Conference on Robotics and Automation.
Los Alamitos: |[EEE Computer Society Press, 2013: 5724-
5731

Huang A S, Bachrach A, Henry P, et al. Visua odometry and
mapping for autonomous flight using an RGB-D camera[C]
//Proceedings of International Symposium on Robotics Research.
Heidelberg: Springer, 2011: Article No.2

Steinbruicker F, Sturm J, Cremers D. Real-time visual odometry
from dense RGB-D imageqC] //Proceedings of |EEE International
Conference on Computer Vision Workshop. Los Alamitos: IEEE
Computer Society Press, 2011: 719-722

Whelan T, Kaess M, Leonard J J, et al. Deformation-based loop
closure for large scale dense RGB-D SLAMIC] //Proceedings
of IEEE/RSJ International Conference on Intelligent Robots
and Systems. Los Alamitos: |EEE Computer Society Press, 2013:
548-555

Sumner R W, Schmid J, Pauly M. Embedded deformation for
shape manipulation[J]. ACM Transactions on Graphics, 2007,
26(3): Article No.80

Whelan T, Leutenegger S, Salas-Moreno R F, et al. ElasticFu-
sion: dense SLAM without a pose graph[C] //Proceedings of
Robotics: Science and Systems. Rome: Robotics: Science and
Systems, 2015: Article No.1

Pfister H, Zwicker M, Van Baar J, et al. Surfels : surface elements
as rendering primitives[C] //Proceedings of the 27th Annual
Conference on Computer Graphics and Interactive Techniques.
New York: ACM Press, 2000: 335-342

Pizzoli M, Forster C, Scaramuzza D. REMODE: probabilistic,
monocular dense reconstruction in real time[C] //Proceedings
of IEEE International Conference on Robotics and Automation.
LosAlamitos: IEEE Computer Society Press, 2014: 2609-2616
Tanskanen P, Kolev K, Meier L, et al. Live metric 3D recon-
struction on mobile phones[C] //Proceedings of |EEE Interna-
tional Conference on Computer Vision. Los Alamitos: |EEE
Computer Society Press, 2013: 65-72

Kolev K, Tanskanen P, Speciale P, et al. Turning mobile phones
into 3D scanners[C] //Proceedings of IEEE Conference on
Computer Vision and Pattern Recognition. Los Alamitos: |EEE
Computer Society Press, 2014: 3946-3953

Pradeep V, Rhemann C, Izadi S, et al. MonoFusion: real-time
3D reconstruction of small scenes with a single Web camera[C]
I//Proceedings of |EEE International Symposium on Mixed and
Augmented Redlity. Los Alamitos: |IEEE Computer Society
Press, 2013: 83-88

Ondruska P, Kohli P, Izadi S. MobileFusion: real-time volu-
metric surface reconstruction and dense tracking on mobile
phones[J]. IEEE Transactions on Visualization and Computer
Graphics, 2015, 21(11): 1251-1258

Schops T, Sattler T, Hane C, et al. 3D modeling on the go: in-
teractive 3D reconstruction of large-scale scenes on mobile de-
viceg[C] //Proceedings of Internationa Conference on 3D Vision.
LosAlamitos: IEEE Computer Society Press, 2015: 291-299
Bleyer M, Rhemann C, Rother C. PatchMatch stereo-stereo
matching with slanted support windows[C] //Proceedings of the
British Machine Vision Conference. Guildford: BMVA Press,
2011: 1-11

Vogiatzis G, Herndndez C. Video-based, real-time multi-view
stereo[J]. Image and Vision Computing, 2011, 29(7): 434-441

[74]

[75]

[76]

(77

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Mur-Artal R, Tardos J D. Probabilistic semi-dense mapping
from highly accurate feature-based monocular SLAM[C]//
Proceedings of Robotics: Science and Systems. Rome: Robot-
ics: Science and Systems, 2015: Article No.41

Li M, Mourikis A |. High-precision, consistent EKF-based vis-
ual-inertial odometry[J]. The International Journal of Robotics
Research, 2013, 32(6): 690-711

Huang G P, Mourikis A, Roumeliotis S. Analysis and im-
provement of the consistency of extended Kalman filter based
SLAMI[C] //Proceedings of IEEE International Conference on
Robotics and Automation. Los Alamitos: |EEE Computer Society
Press, 2008: 473-479

Hesch JA, Kottas D G Bowman SL, et al. Camera-|MU-based
localization: observability analysis and consistency improve-
ment[J]. International Journal of Robotics Research, 2014,
33(1): 182-201

Huang G Kaess M, Leonard J J. Towards consistent vis-
ual-inertial navigation[C] //Proceedings of |IEEE International
Conference on Robotics and Automation. Los Alamitos: |[EEE
Computer Society Press, 2014: 4926-4933

Kaess M, Johannsson H, Roberts R, et al. iISAM2: incremental
smoothing and mapping using the Bayes tree[J]. International
Journal of Robotics Research, 2012, 31(2): 216-235

Gauglitz S, Sweeney C, Ventura J, et al. Live tracking and
mapping from both general and rotation-only camera motion[C]
//Proceedings of IEEE International Symposium on Mixed and
Augmented Reality. Los Alamitos: |IEEE Computer Society
Press, 2012: 13-22

Pirchheim C, Schmalstieg D, Reitmayr G. Handling pure camera
rotation in keyframe-based SLAM[C] //Proceedings of |EEE
International Symposium on Mixed and Augmented Reality.
LosAlamitos: |EEE Computer Society Press, 2013: 229-238
Herrera C, Kim K, Kannala J, et al. DT-SLAM: deferred trian-
gulation for robust SLAM[C] //Proceedings of International
Conference on 3D Vision (3DV). Los Alamitos: IEEE Computer
Society Press, 2014: 609-616

Hedborg J, Forssén P E, Felsherg M, et al. Rolling shutter bundle
adjustment[C] //Proceedings of |EEE Conference on Computer
Vision and Pattern Recognition. Los Alamitos: |EEE Computer
Society Press, 2012: 1434-1441

Lovegrove S, Patron-Perez A, Sibley G. Spline fusion: a con-
tinuous-time representation for visual-inertial fusion with ap-
plication to rolling shutter cameras[C] //Proceedings of the
British Machine Vision Conference. Guildford: BMVA Press,
2013: Article N0.93

Li M, Kim B H, Mourikis A |. Real-time motion tracking on a
cellphone using inertial sensing and arolling-shutter camera[C]
/IProceedings of IEEE International Conference on Robotics
and Automation. Los Alamitos: |IEEE Computer Society Press,
2013: 4712-4719

Kerl C, Stuckler J, Cremers D. Dense continuous-time tracking
and mapping with rolling shutter RGB-D cameras[C] //Proceed-
ings of IEEE International Conference on Computer Vision.
LosAlamitos: |EEE Computer Society Press, 2015: 2264-2272
Kerl C, Sturm J, Cremers D. Robust odometry estimation for RGB-D
camerag[C] //Proceedings of |EEE International Conference on
Robotics and Automation. Los Alamitos: |EEE Computer Society
Press, 2013: 3748-3754



