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ABSTRACT

This paper presents a novel EKF(Extended Kalman Filter) based SLAM(Simultaneous
Localization And Mapping) system for stable camera tracking and re-localization. The
obtained 3D points by SLAM are triangulated using Delaunay triangulation to establish a
reference plane, and features are described by BRISK(Binary Robust Invariant Scalable
Keypoints). The proposed method estimates the camera parameters from the homography
of the reference plane when the tracking errors of EKF SLAM are much accumulated.
Using the robust descriptors over sequence enables us to re-localize the camera position
for matching over sequence even though the camera is moved abruptly.

Keywords : Augmented Reality, EKF SLAM, camera tracking, BRISK descriptor

WAIX XK Corresponding Author) © £ 7|

X} 20124 033 282 AlARAE : 20124 042 10

o

o
k)
5

ol
3l
N

=2 NSUE|ES Moz ST Al 2017 ARI(2010-0010308) 2L,

|_|_

HM122 ™35 20124 62 | 87



1. M B
U 9 AesyE dusl e B
BRE 49 Ang FHs=

st hdlEle]
Fbulgl 34 (camera tracking) A7-E AFEH A
2% FAoH, A7 P mE 94X} o]
FARE FA3E AT 2EwEF(visual odom-
etry)¢t A1zt SLAM(Simultaneous Localization
And Mapping), =734 (augmented reality) %
o] ofoll A FEd] &85 UTH1,2,3].
SLAM® whol mE riee] ANz e g

g AFs  dA FEAY AAE gt
(localization)3tx & 2 Ao st B +5
(mapping)3t= 71€2A #olA, 2L, 7M&EE
92 FE A 5o uge wio] &89t 53
N7 SLAME ©el i T shvjake] Qe
olux] o] H, oA (edge) 54 5& E4lstaL o
228 g ols  AFERe FH O OAY

(landmark)2] 33 ARE AT
A. Davisiong @< 7idglz dojzl O]U]Xloﬂ

¥
ox,
o
o

¢

g4 &4 WHs & 4 ZE(Extended
Kalman Filter) “dol 83 Ex SLAM Al2H
S AgsATH2]. 2Ey =AY JvEg ARE

A2 el A om Hgshe ApelA 5HA
°] ZHE¥ vlH(matching) 22 <ld] ZvHdE
SA7E FAEY, ol A wiol wojfel uwhet
Zhvlet Ao gty =g Jhe FHAAS
ekstaty] fla sHEl S (particle) BEI[4] Fol 4
gxlon, 33 AR7E vz dojA= 2HYL
SLAMI[5], 22l % He)id spleks ol&sh= W
W 5= UTH6]

Fhelet 34 A= AlE2 elA 5 o
SHAE Sy

=

i
g
et
ojf
tlo
fd
DY ir)
(o
ﬂ
o
L
k1
i)
R
o
)
d

| SUOL wet S 0

g & 2w A SLAM 78k shvllel =3 i —

I o gl 71sS 98 SIFT, SURFS9 &
A 71 AHdescriptor) & 483X 7HE89,10], 5F
Ao FE3 7|Exte] A= B diale] &F
7] WiZel AAZE S&Rokille HjtelA] &

{ LIS ‘

JlE BHoll et RANSAC J1et
22034 Y2 AL

‘ tolzt 9= Tetole =3 ‘

#

v
EKFoIet 502t et e =3 ‘
v

ST MAY 27 AL ‘

ol

EKFZ FH2

‘ Si2: TOlEl vl ‘ BCF A28 1 271 ‘

¥
‘ 3D SHYHY 24l 425 H STyt Stet ThetlE ety ‘
M2E 0Ed 9 01E 3H 4y
I —

plane)& A3, A]H2 Aoflx
Elad o=+ *M gtk SLAMOIA 7
27 A El

]
zﬁ_%xgé}b A9 X (re~ locahzat1on) H“?é o] At
th ol& 3] 54l dig 7l AEE wEA A
Asta AEsHA wiA sk BRISK(Binary Robust
Invariant Scalable Keypoint)[12] 7|&A& o] &
gtk e BRISK 71E7k= Zhdlete] A4 ®
stol wel W& GES W] wjiEe omA AlA
2o Agst7] oy @xo] sirh Aljbd W
< F8& 54Ad dig BRISK 7|sAks 7] =9
] ga}o]

6‘*(on line

@
5!
B
=
B
o
of
:<|)L_l’
©
T
I K
é
=
£
N
)
A
[0}
o
=
=

88| s=AYsts| =2X|



— EKF SLAM-based Camera Tracking Method by Establishing the Reference Planes —

S Utk A%tE AaEle] sEEE [1E 1]

o vehhsich

21312 544 Fd dA HAXE d59 7}
gt Aol utel €4 (warping)ste] ©] A
o] =9 w7|gkoll 3+ A (correlation)
o] dwkxolr}, ey

=
©

1ot o

m

o

==

o,

oZ
5 oo K

,

i/
of
_\'—\_11 (
o rir
R
5
oo 1
[o
=

T'LM
ol
TR
=N
do Sb g
rﬂ.ﬂg
%irlr
N >
=)
)
oz
L
X

rﬂ oX,
=)
o
& T o
M
i)
o
N
o 2

sl

2
&4
L2 2 oo

B
o
=2
rir

)

8 Jr =2

o o
= X
oN!
i)

[
==

N
S
ne
2
™

o B
o
+

i
o
it
=2

o
0%
ki
lo,
N
e
rir

do M
o L
2 X

o [ T (R 1

T
i
o
i)
oM R
)
3
lt
a2

o

g
A
ol

o] 2 (binary)

os]
&
w
>~
rlr
H
s
1o
W
N
fo
o2
o%
By
o
F(}h
o
o
[o
fr

o
T

FotRE A7]et 3 Wk g
William et al.9] AF[15]o0AE= &7
SLAMA| Z=®lof| Al 9247} F2 5] A
Wt olFshs A$-E ddste o 2
T=% W AEE A (exhaustive) 22 &5}
o Fidel ARE A 738k Wge] AorH
ok [16]M & o3 FHoR A% FAzke Al
T ool hdEte] =@ ZE(drift) Qb w
= F4 Avs Adsta old ZHA/A

= =1
FHF 544 ARE oA AAskel 33 A

ol
et
o

o
N
Lo
o

£ o
ol
b
of
ol
X
x

i
E

e,
2

N

¢

It
)

o,
N
X

AAFst
S @Al (correspondence) S A3t} TR
E 7|dte 2 LM(Levenberg-Marquadt)
I F4E 5 AIEE AP AR

» =
=
wdstA AN eaE Amshshs &ed9

>
=

T =
At SE SR 71EA
oh

;

e & Q9
o
ox
f

RANSAC &ag5S A|otsid
ApAol st A k2 %
3 ARE FA43E Ve
7P BEAY 3%
Chekhlov A1+A " 3
FE HH FX2E

tH17]. e el digh o] FrhshaA 2A

ol
=2
>
o,
)
ol
o,
N

B
P‘L
s
w
-
>
Z
i)
2
y,
o
o
32

2]
T2 uHEA gtk AlAzoA AEHoR H
e HAESH] AT e A oR sRaYe
o] W3 A& wuwsAN ol Huslr] %
L8 A (threshold) & A7837] olHoH18]. =g &
A Agter pAEE Y HAWES Tdske W
& EX(voting) WS Alte] W] wlio] A
7t Eobo] #8457 offrh Simone AY 59
AAIZE F8S 98] HAS HEs 4

: = g% AvhaH

SLAMO 2 AF4% 3xd 5AA-d =2
(Delaunay) 4tZtsts #gslo] =z Jds HA
Aoz AT, AAdE 71 "ol S o
3] gk FhelEle] &4

ol = A A7} 7hs 7 Al2glo] AlQHeE

3.1 BRISK 0|E¢& §2 &

BRISK& & A sz sl 9 =27] W
of BEWES A v, Jpdgte o]Fel wel 5
e st A YX(perspective) AFY W3Ry

gl
=
=

HM122 M3z 20124 6 | 89



— 7% B 4

Aol A% %3

£
A
o

o

12 APz a2 AE87)E |
71 ZHdelA 71E B

M=
BRISK 71* éi%

o 2

o3

o

i 3
=

_llm
SN

2

52
o
o
ll

2
=
=
=

e
(NN

rot _1

N

[l

=)

no ¢

-

)

M q
b
©
=2
R

&)™ (hamming)
7eAH 22 )2 AT 183
Gelol e 4 7142 fdn+5)2F w13
kel 5o iF V& ARG F/hETh

.
Update feature descriptions [

Feature descriptions
over sequence

Store feature descriptions
and matching

[a2l 2] EX| 7|&Xte| M=EF 2 ZHAI

7w e SLAM 7w bl 34wy

iy

=1}
=

(23 3] 7ozt oIS

a0l 2 £

0

X AA FAE xoke] Holg AF F4 A5
ZHnormalized estimation error squared) D2
7t wE Fe grolth ALtE 22k FhviEke
HIAEA Ao a71E 9mlsi, kHA ZH Y
I oo]d Zde] o] Atd eatrTt & 74
ol Zhdlglrt wol Wttty ddksie] 7]z

doz AR o 7] ZeadelM Fd 544
o A Wad vgdt eas FHste] A
= oeud gug AR oF YA 7
gke] 714 A (baseline) ©] o

A WEse 4%
A4E BRISK 7|4 ARE o]&3le] EAL
FASA 2 S )
71 AE o] &3 wjH AT
e Wall,
71 BRISKS} A<t

=
st
A

Hlasty] 98l 4
Graf *]*“4*[12 1415 ez
2= u]—tu/] /\164733}.3_ [E 1]

2ol

T

o Axaeleh AWA Zelle e o A
I I =] ] A3 435 d©
D2=(X—)€')T P_](x—),(\f), xk—l_xk>WD2 Eﬂiﬂ' ﬂs}}ﬂoﬂ IE]—ﬂ— UH% ZO_'C7]- =] '_IO] U:Cﬂ
s A AR el guel gaHen 349
) & SET Alel H9 2 olBEE 9o
Ex =z urdol A= a
kel oF w wa wmel Ams agw o lee T TH Wwe Awg [ 3k
dERRTh 2Hl AEE AE Be AR EA
AAX 9} vluste] 7] Zds AT 7] N
_ g, Jeel stes Fa 2as 4
YANE (4 D3k 2ol et sl Axw
[E 1] AIEAOM DHE Ms H|w
Z < Wall A4+ Graf 94+
A B (%) 1-2 1-3 1-4 1-5 1-6 1-2 1-3 1-4 1-5 1-6
BRISK 89.5 98.3 789 59.7 16.7 56.7 53.3 9.1 16.3 0.0
A otw = 88.5 94.8 81.6 745 65.2 68.0 63.3 514 189 12.4
90| s=2Hsls| ==x|



— EKF SLAM-based Camera Tracking Method by Establishing the Reference Planes —

3.2 J7|& "ol Mo

34 ZvgE SLAM Al2Ee o= 2 =
Fxg gg3le] sl el 33k 54
S Ao FAE ey Fheete] v A
£AYE AT ST & glov, ol ¥
2 = 2
=

[e)

3 24 el wAsE o

O
_>;1_1‘
Ir
o
o
Kl
o

(corruption)®l] |27
RANSAC ¢1g&5s
o] 83l 1-point RANSAC &arg]&[20]¢] Ak
HAARE, Fheete] olF3 SR FH9 A

lo
ik
b
2
Lo
(]
)
r o
£

Iy

[o

ok B9 £AE 9 4 gk

Hule] Aok 24 ol g @t o4 HW xe]
A 7% Gue Ad HAxAel 7 %o 7
7 Bag geow ot At wge AL
BgES Zolv] 9d 249 WHoE AgE 5
AMEe daem Sz gzEE Suw.
SLAMS| 27] whAZt 9148 5 o] A2 e
o1 Bl F7hw AEHel J1F HYle] 3y

= e (23 4l ek 1E Bl
Sole 540e o SLAMOA 349 Hus
A FAshd BeE0, /1F Bol 3ol ut
o Frbe AR REES ol gl oAl AFE
Bee] WANe ANHeR FHFoRH 334

S Ase A28 A Ao 544 FolA
F ol g Al Aol B4 AEA Al A
Ay sl =ASHE A9, 2w 7F Bwel
A wEsh F1 guel WA e vze] A
R QAN oldel ASE BE wEshu, A

3.3 22T Jigk FimHi2t M2 AlA 3
SLAME| M2Ix]

S ZbdE] SLAMelA @At FA o

=
Fdd ZAE A8y de AA4E Ve W@
=

o
p‘L
=
)
-
>
= oo !
>
[>
ot}
tlo
2
P
N
ol
o
&
9
N,
>

NE WAl EAse Q9 5999 339
ZHE X9 AbE olviAel 23bel FHE x2S
#7%E x = PXelW, LM 4u2lZe olgste] 7
dekel 92 Alg @Y PR AXBACH2I. o)
A 1% FEsl 2 wet FuHel EAske 3%
A A X, Y, Z #EF AR Fo s 008
HAH T 349 )FE Fuel ERadyzrY 7
Mok Aug FAETh AE wwe 33 2wl
y

B Azglo] 4 4 R BE B3] Fo 4

HM122 ™3z 20124 62 | 91



— 715 B AAd o & Znt ¥ SLAM 7wk Jhvlel 32 g —

ko] Wil el wi Aol wiy Ayl v K
K % g Fos
. HE& 1-point RANSAC»} ol F44 Fhvet
gguEHE 3 A A AT dAGE olskel .
olg}o]of(inlier)2] W|&& AAlsle] RANSACE]
HE 352 2R sk} ) /

L2 oo Lo

error

4 Al S 0 i i
P = 0 100 200 300 400 500 600 700 0 900 1000
frames

error

A
BRISKE o] 43k AIgte MW shte] 57 womes

e vlFaks H4) 03msecrt 2258, 7)Ee] [ 5] RIQHE Whmt 71E SLAM AIAEIO)

S 7]uk 3 43 1msec)oll HlE He &t MAS LAt

aA AAEdeS Fastae. HxE oLk
e ghEl 2ol wet Abd 9 HRE
A Jm#] W8-S S3sts, HXd o
3 A A At BRErt AdEew =
wHo]  BRISK  7]&AtE
aba &) AR 5A3e) ul A

<
=
2
2

o

X ]

(38 6] xjorel Aladlo) ety 2

(& - 3xtE SOl ZHoizt #IH, E2E &
7I§%§E < ETED o2 )

92| s=Asts| ==X



— EKF SLAM-based Camera Tracking Method by Establishing the Reference Planes —

EERION LpEEEH SEEEEgL TEREFRNT YT
) 3 ~ o N X X — — T — T K 4% el o X
22z L° R eEPE wohexZowm R AP R
WP pX2w NG ORI BT HC n T T
Tmew G I SN R O oo B T B o
N I A A N R ol i TR U
FladfT ¥4 TRE R SE_ N wHEBEget
LT N mTERL " d T wmE PR BAT T W N
el owm L, TT WELERRRE TEYTIRR PR —
FE e n® pifZidiosn i HI0 W msPoe X~ o
| _ ) O o | — . = —
5. ) Ly U_LU‘MUWMﬂﬂME « MWEO or%o ﬂXo;ﬂ‘ol - Mirﬂﬂﬂro X ml Ew B oo ﬁo,mw
75 s — o n R ® 0 xr T o il Wos T T o B T z
pEefag pEoffLTez TrEov SEiREIsEres
& K o k3 0 o ~X
Neﬁa_mzﬂ%ﬂ%woﬂmﬁm_ﬁ@%ﬂé%aﬂwuﬂﬁarwm P wmRE T e
T G T LA e I : ST S < N I S e
Ry s B WR T RES N v o %ﬂm_szﬂxEﬂW%
=~ 2 N — w=o K = = v oK o~ !
gl x T TREELhL T Ba TG q%%ﬂm_ﬂﬁﬂwﬁ%
ﬂym%ﬂanjw[%ioaﬁﬂﬁaﬂaaT,ﬂﬂﬂ,a PTET AR EE
™ .M ~ - Al = 0 o oo |
R e I R e R A S T
NG E B P E U R B o o T X oo lwm W WicdgsdTw T WD D
P E BOROF OB OB RN R = e E oo T o of o = RB W E N
- ﬂrﬂ%%ﬂ% Mﬂ%%gﬂmﬂw
4 K = o w = =r e = < B
ooy iy < o T 7o
= ez u™ o a0 pr v aoHF g
Dol X wE o B FEE R
% ol R s ® W o CRIE o TN
R'ox_.o,..._. = ‘aublﬂﬂ\m_ﬂ .. KF I o_mm,ﬂﬂﬂ E
K o & J W
S Ko K- — Mﬂ_ull M = o] W = B
ol 5 - S O A ER PR E e T ow o R
&0 __m__H mw M ™ o wﬁ Zo LW o B " R -
Rr H_ﬁ ﬂ%mﬂo%ﬁo Edrulil! n.rm7.1_w‘_1:rlm7wuﬂ
5 KE M@_ X R R R 7 Kk RO o do o By, o B
| ol a3 _xToE = = S o .ztﬂ.@ﬂ._ﬁo
oF K it wo_fm%m_ﬁar. N A%%arﬂ@ N
z N K AT El B o o — & al R e I~
U A S o g R = R
=L 0 o o = o — T = ] S
« W= TN ] < T X TR W o
e T A8z #~53%% 5
L ou T © o =4 oo m - B %o
. ~WE ﬂmrﬂﬂ%wr% K ﬁaéﬂwéﬁmwﬁ
| 0 < m_/uﬁo it RO n T R Sl = o] W
M RO Tk o W s Mogo,mlauﬂmm.ﬂ
- L - S ) z LR ol )
N F T R mo ov oo L opl w B B

201214 62 | 93

=

H12& |3

b

S



AgtE WRol T]E

T4 5o EAE As

|0p!
-
>
=
>
[
o
1o
to
)
Y

g

[11 G. Klein and D. Murray, “Parallel tracking
and mapping for small AR workspaces,”
Proc. of ISMAR, pp. 225-234, 2007.

[2] A. J. Davison, I. D. Reid, N. D. Molton, and
0. Stasse, “MonoSLAM: real-time single
camera SLAM,” IEEE Trans. on Pattern
Analysis and Machine Intelligence, vol. 29,
no. 6, pp. 1052-1067, 2007.

[3] D. Nistér, O. Naroditsky and J. Bergen,
“Visual odometry,” Proc. of CVPR, pp.
652-659, 2004.

[4] M. Pupilli and A. Calway, “Real-time camera
tracking using a particle filter,” Proc. of
BMVC, pp. 519-528, 2005.

[5] L. M. Paz, P. Pinies, J. D. Tardos, and J.
Neira, “Large scale 6DOF SLAM with a
stereo camera in hand,” IEEE Transactions
on Robotics, vol. 24, no. 5, pp. 946-957, 2008.

[6] N. Engelhard, F. Endres, J. Hess, J. Sturm
and W. Burgard, "Real-time visual odometry
from dense RGB-D images,” Proc. of
Workshop on Live Dense Reconstruction
with Moving Cameras at ICCV, 2011.

[71 G. Klein and D. Murray, “Parallel tracking
and mapping for small AR workspaces,”
Proc. of ISMAR, pp. 225-234, 2007.

[8] D. Chekhlov, M. Pupilli, W. Mayol-Cuevas,
and A. Calway, “Real-time and robust

SLAM using predictive
multi-resolution descriptors,” Proc. of Intl
Symposium on  Visual Computing, pp.
276-285, 2006.

[9]1 D. G. Lowe, “Distinctive image features from

monocular

scale-invariant keypoints,” IJCV, Vol. 60, No.
2, pp. 91-110, 2004.

[10] H. Bay, A. Ess, T. Tuytelaars, L. V. Gool,
“SURF: speeded up robust features,” Proc. of
CVIU, Vol. 110, No. 3, pp. 346-359, 2008.

[11] Z. Zhang, “A flexible new technique for

B SLAM 7]ut Jhvllet 52 Wi —

camera calibration,” IEEE Transactions on
Pattern Analysis and Machine Intelligence,
Vol. 22, no. 11, pp. 1330-1334, 2000.

[12] S. Leutenegger, M. Chli and R. Siegwart,
“BRISK: binary robust invariant scalable
keypoints,” Proc. of the IEEE Int. Conf. on
Computer Vision, 2011.

[13] N. Molton, A. J. Davison and I Reid,
“Locally planar patch features for real-time
structure from motion”, Proc. of BMVC, 2004.

[14] M. Calonder, V. Lepetit, C. Strecha, P. Fua,
“BRIEF: binary robust independent
elementary features,” Proc. of ECCV, 2010.

[15] B. Williams, G. Klein, I. Reid, “Real-time
SLAM relocalisation,” IEEE Int. Conf. on
Computer Vision pp. 1-8. 2007.

[16] B. Williams, P. Smith, and I D. Reid,
“Automatic relocalisation for a single-camera

mapping
system,” Proc. of Int'l. Conf. on Robotics and
Automation, pp. 2784-2790, 2007.

[17]1 D. Chekhlov, A. P. Gee, A. Calway, and W.
M. Cuevas, “Ninja on a plane: automatic

simultaneous  localisation  and

discovery of physical planes for augmented
reality using visual SLAM,” Proc. of ISMAR,
pp. 153-156, 2007.

[18] M. I. A. Lourakis, A. A. Argyros, and S. C.
Orphanoudakis, “Detecting planes in an
uncalibrated image pair,” Proc. of BMVC, pp.
587-596, 2002.

[19] G. Simon, “Automatic online walls detection
for immediate use in AR tasks,” Proc. of
ISMAR, pp. 39-42, 2006.

[20] J. Civera, O. C. Grasa, A. J. Davison, and J.
M. M. Motiel, “l1-Point RANSAC for
EKF-based structure from motion,” Proc. of
Intelligent Robots and System, pp. 3498-3504,
2009.

[21] R. Hartely, and A. Zisserman, “‘Multiple View
Geometry in Computer Vision,” Cambridge
University Press, Cambridge, 2003.

94| s=AYsts| =2X|



— EKF SLAM-based Camera Tracking Method by Establishing the Reference Planes —

o 2 & (Nam, Bodam)

20104 Fehotn HFE T £
2010-20120 T4d Hoadd 3
2012984 LGAR A4 2

2 & 7| (Hong, Hyunki)

19984 Tt A= et Al

19981-1999d A& dfgtal 25 Ao 53T AlE
AT

200213 -20033 Post-doc., Univ. of Colorado at Denver

2000 -8 A FSUNEn HAeddoEd gstat
g QA F

By Rol 1 32, RN, ARG A 5

H12# ®3s 20124 62 | 95



— ]-r—‘ —/] -4
c 1 A l
o
7 o d Ao 9] &)

fo

% 2w > -
o i
LAM
7%k 7}l
g =
2 vk
[l =]

96| 3
| si=2A

I_;
5| ==2A|

mo
1ok





