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Indoor Localization for Mobile Robot
using Extended Kalman Filter
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Abstract

This paper is presented an accurate localization scheme for mobile robots based on the fusion of ultrasonic satellite
(U-SAT) with inertial navigation system (INS), ie. sensor fusion. Our aim is to achieve enough accuracy less than
100 mm. The INS consist of a yaw gyro, two wheel-encoders. And the U-SAT consist of four transmitters, a
receiver. Besides the localization method in this paper fuse these in an extended Kalman filter. The performance of the
localization is verified by simulation and two actual data(straight, curve) gathered from about 0.5 m/s of driving actual
driving data. localization methods used are general sensor fusion and sensor fusion through Kalman filter using data
from INS. Through the simulation and actual data studies, the experiment show the effectiveness of the proposed
method for autonomous mobile robots.

Key Words : localization, EKF, Sensor fusion, robot, kinematics
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Table 1. Comparison between GPS and U-SAT.
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navigation navigation
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slow response
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expen %l\f?
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low accuracy
(maximum * tens m)

weakness in disturbance
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Fig. 1. System components of robot

ST

21 7|+
2RO AAZAHE e 2R Yl g 24
o] o]Fojxjordtt Iy 25 ZH o] AT Frho A9
XE HojiFr}
Y, Y,
- N USAT - X
g
X
encoder '_ RN
v \1!2 "
y X,

O" 2 23] #uAl
Fig. 2. Coordinate system for rohot

Aol rEelAl X[-Y1 FiAy: 2% 93 EHS
T Hd FAlelt). zelal X2-Y2 HEAE 2R 34
& d9er Fu, ZXo] 3 UFE xFog i &
ZAolvh vhE-2 23| A (posture) Pel gojoltt,

P=(x v, 0" (1

A7IM x, yiz 2R TAHe zFelm, 4 2H &
itol dreber Wakzto|nt. 2E A tE HALe AAHA 2l
(bicycle model) 2 <bds] vtebd 4= gl 21g 38 A%A)
e S A Y gelg 29 7)48he HojFErh

3% 3. A7 wde] 7 Fe
Fig. 3. Kinematics of Bicycle Model

707



ofr

St x| sAl A sts ==& X 2008, Vol. 18, No. 5

J

229 ¢ slFe] 44558 v 1 Y, 925D 9
2 ke SRk 4 s 2ok

Vep=rw, V, =rw (2)
W, r & ke wAE
71 2R F4Y HAEEE v o, Vo V& 474
csE A% vFle] W&ot WA W] 2R 2
SEE w2 oY, oSt w TeW ZE WA AT
w = Ve— Vg 7
L L
(3)
VetV
v = — 5 = ruw

@, L2 & vhd Abele Ae

9 Ae 249 HA HEATY 214 4 @H e
7178t Aol ola) A BAE A Bk

11:? cosf 0
y =[sin0 0](3)) (4)
0 0 1

N

B =RadAs AEd dAFAS fsiA Avt dHE
galgon, AMgE AT e wpfusE dAsr] 9
o Al BN Ay 2Rl AA F dolHE A5
, ARNEY 2318 EAE9ch 29 48 U-SATH INS

Reference path
LISAT data
® INS data

y axis (cm)

250 i i i i i i i
4 s e 70 e €@ 100 110 120

% axis (cm)
%l 4. U-SAT3 INS Alxfe] 54
Fig. 4. Feature of U-SAT and INS Sensors

i
=
fre)
i)
o

a9 4= 239 F3 H2 goz 9
AL 2HFoRA, JoA2 ANEY 2AE
A Azo)tl U-SATE 400 mse =
gon ¢ 1At go| ¥ FHe GFL
7 AAA =, shabshg 289 £ R

0 F'I‘Fa b pou
Wwiif
M oy o2 [N R g

2
N
il
[
Ny
e
0
)
=
2
2
g\é
>
of
Sh
o
>
i
oX
tlo
w2
>

708

g ujol QA 2pAe] @ xto] s dle]E] {4 (outage)©]
wAsith d@vigk Zolg AME oF @AY FFL A
o] kA ekxuh wE 22 HolElE WA HH, &
2} e EA7F Ao

U-SAT® 3= AR FeelA &l +50 mme] <4}
2 719, 05 m/sE LB Fotal Al +200 mme]
AF oxg 7MY el INS MM A E 04
deg/secd] 4@ 232 7HFTh Aol +1.5 deg® SA+
2 7IRA N 05 m/sE 33k F¢tol £1.5 deg/200 ms
Ay 9242 7HAt 18 5 Aol2e SAEEE HAFE

£

Histogam dstribution of yaw =te nose
T T T T T T T

1.5 - 05 0 0s 1
Yaw rete enor (deg'sec)

O 5 Ao|Re] o2 X
Fig. 5. Distribution of Noise with Yaw gyro

3. AXEE 2 o5 AlxY
A0g JA2He ARAE Axsle] RE JuE 43
3l 24 & glojop @k kAW AA Az RE 3
BE At ¢ 5 gom, nrrel A5 el
233S ol8a Hh ol B =R AE ol2d #A
£ dl2a) S8l 244 2w BYE Aeck

B =FHE 2R AT AL 93, 2He
AAAR x, v FHES 4% oo ois| w2 g5t 2t
4y gdugEe 7hehs] FASATh 289 7178 BAME
Z2& Az 2l vAY #E 2de Bd S o 2
=3
o 2159 7178 Vehicle Kinematics)

Te]  [zr+ Tocos (6,)
Dy =Yk |= yk+TUkSin(0k) ("
O+ 0+ Twy,

et X3 T2 Alxe d(Nonlinear Dynamic model)

2y = fro (T 1) Fwp_y, wy~ N0, Q) (8)
e H]43 7= B d(Nonlinear Measurement model)
2, = Hr,+v,_y, v, ~ NO,R,) 9
100
ok =1010
001

ndgo] By Zvt A dugFd HEAZI 2
vl 9 G438ESe oS 210), Al Zeo] o4& A
2(predicted equations)& 7Al4tgic)



1) e 24 (State model)
Eo(=) = foy (Zp () a1

2) & 59 (Measurement model)

™

w=Hz (-) an

Kkl Al ael(prior state estimate) z,(—)& ZA87] $
éﬂ, k-19A] <28 el(posteriori state  estimate)
z,_,(+)g vHY F5(non-linear function) f& 8 +
shv} 2gu HEZe kdd 24 A 53 2, (-) S
ol g¥a, wiAy wAAe Ay s wAay
(21(12) & o83t}

10 Tv, sind,_ (-)

pmak=1—) =101 Tvk_lcosék,l(*) (12)
00 1

ol ~ 8.0,
k=1 ox

o= M3 A} WA A (linear approximation equations)
olg} &m, HYeFF(Taylor series)& o]-&3h}l o]7]A
kA o2 FEAHpriorl estimate error covariance)$ )

Zap 2(13)3) 2o
P=y=al p_ (+) T+ @, (13)

b o] 5(Kalman gain) K& 3171 98] 2(140E A

ril‘ mT,
urd

of

X’k =p (D HM [Hp(-)alT+R] (4
Aol T B ol% KF olgstad kulxl o

WA 7, () g AasE 4053 2.
2 () =2 () + Kz — 2,) (15)

A7M 2, — 2z, & 2 Hresidual)olE} F2n, A4 ¥
ghat o % 1 2o A8 Hakeh kA “L‘Eﬂ o o] ¥
vhd, vlxutez ol# FEAMposteriori estimate error
covariance} & 21(16)3F 2o} 7443,

={r-

~ KH P (-) (16)

32 fix =¥ 7Y

3 Zlof ]}\} 2927 o A YolE AF) o] U-SAT INS
A sol 7k &A1& As] A8, AMgRe ol 8%
oh 4k o R U-SATE AUE7F gol U-SAT Aryt
& olgate] i) YRFHo] reElAl 400 msel -
U ukgEE afitel] 400 ms Abole] o} hig& EAE
@A 1:- A7} ““@6“4 oleigt #AE A5 f
&t e AME 100 ms 7HHeE A

(unemxlmon )&hu, 91 Aol o8] U-SAT doler}
£axlE A2 INS HolEE dAdle] AL EIEE 3}
ok B mioMdeE A din 48S Y8 4Rk AlA
3 A E INS ulolg & Zvt QEM 183 AR 2
4R g ARgsldch dukE el MA-EE} INS dlofE
ghe Ak gelof o] &% AAEES 2% " REv
E 2 yge 2o 39 6& INS dloje{whg Zut HEf|
ol 43t AAEEE BHAFE

s
0
m
g
ik
Rig
i
k=2
ol
e
il
o
1
[
£
o
Rl
£
o

START ‘ J _r,a;r;;r Filter

ey - T Akl
i Stan Pastor j
Réudrnx.y. 8= . N
; U, findox, x..6) e )
| T 4 /’ Pk\i‘aﬁ?x) TN o Dw(Umu ) Priaws s
e Ty afindenn)? " e < Wem o]
Newt Position / AR !
l 7, = Raght Enceder o I :
7, LoftEineodec !
- o .
! LuH Pcsmo# [ Current Fesihan
AL em e i
I . fa=Pe Dol A=l
i J; - I
\ [imden, wrdex, +1 }
T RER e ) B IR
T f e @] *<""/Lommmw g Tl END ;
\ sl e . LT

D S \j - o
I8 6. #Y "o o83 M F3 (INS)
Fig. 6. Sensor fusion using Kalman filter (INS)

INS dlelelwhg 2k Felol o3 Wy ohe9x
Pl 127 27 BElg 53 549 229 A2 Pg
Fak olelg Ay PEE A4} AAFTHES WNEC
Aee FENSR FFeel FHSPeR Vdgtel A
27t SRS FURSE 98T A e 21g R8s
4hsh] 5o, vs 4L 9054S Ahsa

371 $1groln).

1 517

XP Fundamental o]9, L2138 7jphd & E C devision
I} AVR studio® AF&slgl 8 AEH oA @ muUE
& (monitoring) A3t WY AL Windows 2003 Server
ol A MATLAB 2006 R2% 1%‘3@‘1 Algdol e A%
B shglew, Borland C+ MU E o] gsle] 78&ky
o}, 239 A 5 doyE “71 AT ARELY 27
= 500%200 cmolir, 259 HA F3 AR= T4 oty
r o)g8te] RUEE Ala¥lg B Elsidrt oly 1
@ 73} 2}

A F¥ dele g AFE 24l /Y 872 Window

(@) 73 8% () AE AN

(a) Environment (b) Equipments
a7 7. A4 ARE A% 834
Fig. 7. Environment for actual experiment

A3 diole= A 73 dolEl #zl, AE 717 1070
Aef SjTe]] ofg U-SATe] 9% dlelelg #AA, 3 cme)
kolz 7k 46 cm®] »olE F7Y, AR dlolE] AL 6
cme] ol F7E sto] 42 50719 dlolElE Agerd
o} A AAEH 100709 HolHE giate s dukxel Al
AEE INS HolEE #ut IEd o83 AMEEE 1

709



=Rl EAAEEE =R2X] 2008, Vol. 18, No. 5

o Ay 2 =FdAe AEucA 488 B8 7 3 AA delee Ha - Ao 21 (A
v HE) o iAE(Q RS FE 29 Tol AL Table. 3. The minimum and maximum of the errors (straight)
. Error (cm)
¥ 2. 2% Wele) WS Algorithm o o~
Table. 2. Parameters of Kalman Filter General sensor fusion = 01025 + 70682
- Kalman Kalman filter using INS + 0.0845 £ 65.9241
Algorithm :
mean variance
Gyro 0 0.02 a- —— Mummum& Maxumum Errors of General Seasor Fusion
Encoders 0 0.04 Ll Minmum& Maxims ra Errors of Kalman Fiiter using DS P
U-SAT 0 0.1 ol f L
i 4 4 A f 4/
E : o Y /{\\ lel} e § /“'w »i/":‘ - ‘j 3"
1 AT Aol PO A A SN
230 A4 874 ATaA D @), INS dlolE)E 3 (VAR VAR VA BV IR VA
Q"Bﬂ ;.q Z\jﬁ_i %j]% %;g 6‘]—7—“ %D} ‘3}-]] Eﬂ‘ /\E]Xﬂi %‘@_j‘ "f———— Wotmal e EHDIRGN0n ey € Add emor £ 3 e Addemor £ 6 —rrkm :n:‘;:;:’:n -
-] :g:%é'} HP:}‘"Q“ }\)\% '}l: oiC)D% '5‘}‘1:'?]01 X}‘j]”} 22}9’} ﬂu_ ,~.§4-.~{g . -;xﬁ.. 2;2 v.ﬁég....a& ,312’ . ah,w--{"gm-““:‘
/] ,(7]%3—[:“ /:_:]_/Qoﬂ quq- ,f];(} x% Oz}/} 2_7} L,}‘E}‘L} Humber of dara
At a8 82 Ad A1 feltE duAe A45E a8 9 AA Heleldl Ha - Ad) 9% (A7)
I INS dlojelS Zwk HHo| o83 AMgH WHoR Fig. 9. The min. and max. of the errors (straight)
239 928 248 A%E wedF
General . Ralman wing NS

Reference path

) USAT data
@ IS data.
A EBstimated USAT's postion i
Estimated I17S"s position § 0
General Kalman usmg INS ) ™ auof-
Rop---eo § T
P2 e e e B Th R R R e e wm e e s w
o 24 & e - xaws (cm) x axis {om)
[ : & - " -
B s a8 10. AA dolEE ol&d 4g (F4)
S aeol i A : i 8 - ‘ i . . .
il sf] " ' Fig. 10. Experiment using actual data (curve)
AR : : i E4
e & ; H o :
& H H : &Y H :
. st go), 2R U4l A F9 dojelE e urxel
xaxts (cm) i j{axts(r,m) ] }ﬂ}ﬂ%ﬂlﬁ-m}oyg “-6""' ;5-] /gﬂalfsl} E;l] 1:1‘*26]3 7}3—5‘@% C%_}.
A8 8 AA dlelElE ol 8% d¥ (1) 4 9o ol2i# B$-E U-SAT INS dlolEEe] o]
Fig. 8. Experiment using actual data (straight) 7 AA 23" 73_‘,3_0]1:1:1’ U-SAT "lolglE9) &4bohut &
Aol 98 AL e At AMggd FAS AUk B

24 A2 £ wojrss] AW AMEFHN 49 o 11e 5070e] 2R FA T HolgEe YAS
Fole Al 2k INS Holelsl st o A Asz wojzch

7

A A4S A Fadeh ol whsl, INS dHlolH

E Zgk delof o] &gt /ﬂ*ﬁv? o] a7t o Hast % 4 A4 yolEe Ha - AW o3 (2A)

PDEE B ATk & 3% 2" 9= 5070 A F4 Table. 4. The minimum and maximum of the errors (curve)
ole{e] $A&HA Hijojr}, Error (cm)

299 %7 A7 443 sASsloiH e o Algorithm i p—
2o A=A Ayt 2ebge A1 - dinh oY General sensor fusion x 0.1642 + 64360
& BAES ANEYE T4 2 T 5 Aen, dAH Kalman filter using INS + 01360 + 58215
ol eAHEANE AT FE JQAAT, But dHE G869
/}ﬂ}‘i %;}0] E]'?E:‘ A_} 8 6‘_0‘1 H]Eﬂ E] 24\?_:]’(?‘:—‘%— % %: 9,}\5}‘ { - Mimmum Mazimu m Brrors of General Senser Fusion

T XMmmum& Maximum Esvors of Kalman Filter using INS
42 &M Hlolg e ‘;‘g‘ .

A4 2Ro] FUE FRses Aol A @AYy T : & n W

o] doi} Azt zpol 29| 7leolW et e Aew ot [\ N N \»"\/‘u\f\/ A
o} 24 dAEch T4 dolele] ANEHL FA 2 o) e [ ‘\/“ 1,,/" \/ Vo
ool Weldd Ad e Ad Bol Ase B e
A 24 vlolHE JurEQl ANgET INS Hole e T
2l "Bejo) o]gst MAMEE, Aetd AAEEH HHE o ° O N ;;MT% R R —
£ AASAHL 19 109 2o

I8 11 AA delHe] HA - Ao & (FA4)

Fig. 11. The min. and max. of the errors (curve)

710



2 =EdMe 72 e ujsiRia A
Boolag %3] MSEe gv & % %}*—18 At o=
v gee] wishisg Algetgon, At
of Blaf A& AUy} £10 mm 7+ 7
ik mEk Ao AA-GEEd Hs) =
T A 5 AT Azl dolEE B 4Y
SAHRA ) o2 g 3] A9 Hoh - Haghs

k=]
R
i, #A4E oAb Hd £70 mme 7S S<lE At

2 Apene A4 2
INSAA 2 U-SAT 4 1% ]
UA A5 elElS Azt
oxBRAL Quidog AE HA
w Al dlo]El S B8 g 4
of oisl 7Ptk A FErt A% 2uk opule, HEE
A AA BT FAE AT =7 1 A FA &l
B el ARl ol $5HRT) ol% Boh 0
gl wiyfad Heta, A4 229 F3 dolHE F3td
29 9k INS dolEE 2w Fejo] o &4 M ST
3 olubAel AAEE F AR eSS mE 298 39
} AgLe INS dlolele Zhvk HEejo] 45t AAS3S
1 P R a}rﬂo] AurA 9l AA-g3F Ul vlal Al

°¥°

ol

ok

2

._1_4 —|—‘

= 4 4o
ER.
i
gopiRd
>,
i,

il ©
o
to
)
N
N
o
o
to
N
i

kel glo, ¢FEE 298 At
2oz d

[1] Barshan, B. and H. F. Durrant-Whyte, “Inertial
Navigation Systems for Mobile Robots.” IEEE
Transactions on Robotics and Autormation, vol,
11, no. 3, pp. 328-342, 1995.

[2] Solda, Erik, Worst, Rainer, Hertzberg and
Joachim, “Poor Man’s Gyro-based Localization,”
Proceedings of the 5th IFAC/EURON
Symposium on Intelligent Autonomous Vehicles
IAV, 2004.

[3] Hassel, M. and J. Hertzberg, “Sensor Fusion for
Localizing a Mobile Rohot Outside of Buildings,”
Proceedings of the 9th International Symposium
on Intelligent Robotic Systems. pp. 477 484,
2001.

f4] J. Z. Sasiadek, P. Hartana, P., “Sensor fusion for
navigation of an autonomous unmanned aerial
vehicle,” IEEE Robotics and Automation, vol. 4,
pp. 40294034, 2004.

[5] W. Li, and H. Leung, “‘Constrained unscented
Kalman filter based fusion of GPS/INS/digital
map for vehicle localization,” IEEE Intelligent
Transportation Systems, pp. 1362 1367, 2003.

[6] F. Figueroa and A. Mahajan, “A robust navi-
gation system for autonomous vehicles using ul
trasonics,” Control Eng. Practice, vol. 2, no. 1,
pp. 49-59, 1994.

[7] Sebastian Thrun,

Maren Bennewitz, Wolfram

o

bxb ghat

U

B2 o83 2R MUYHASH

J
il

Burgard, Armin B. Cremers, Frank Dellaert, and
Dieter Fox, “MINERVA: A Second-Generation
Museum Tour-Guide Robot,” in Proceeding of
the IEEE  Conference on  Robotics and
Automation, Detroit, Michigan, USA, pp.
1999-2005, 1999.

[8] R. Siegwart, K.O. Arras, S. Bouabadallah, D.
Burnier, G. Froidevaux, X. Greppin, B. Jensen, A.
Lorotte, L. Mayor, M. Meisser, R. Philippsen, R.
Piguet, G. Ramel, G. Terrien, and N. Tomatis, *
Robox at Expo.02: Alarge-scale installation of
personal robots,” Robotics and  Autonomous
Systems, vol. 42, no. 3-4, pp. 203-222, 2003.

X XA 7Y

Z & ol (Jungmin Kim)
2006 : 4l \’/}Eﬂf‘” AFE T &

2008 : F-Akgisknl A7) &gy 9
(gar4iap
2008 ~ & A : Bk A7) M =gt

uha} g

FHRlatol ¢ Am A, A,
. kiml6@pusan.ac.kr

A, 28
E-mail

Z A Ef(Yountae Kim)

20031 : FAtuista AR 7| E 8
2005+ - ‘fEH e "7 Estat &4

(F84AD
200841 SEASHY 471 F et wALE

20083~ @A) ¢ F2 A s A7

ol AaA, S4AY, wA, Ao

E-mail : dream0561 @pusan.ac.kr

2 A M(Sungshin Kim)

198641 : AA st A7|FE £
(F8H A}

19963 : Georgia Institute of
Technology, 71887} £9]

i : (:17 SLHI‘A].
' 1998 ~ A A : Balelw A7) 383}

\:l
Halag

Fralok ¢ A%s Al2:H, dlolE] vlold

Phone : +82-51 -510-2374
Fax © +82-51-513-0212
E-mail ' sskim@pusan.ac.kr

71



