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Simultaneous Estimation of Landmark Location and Robot Pose
Using Particle Filter Method
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Abstract

This paper describes a SLAM method which estimates landmark locations and robot pose simultaneously. The particle
filter can deal with nonlinearity of robot motion as well as the non Gaussian property of robot motion uncertainty and
sensor error. The state to be estimated includes the locations of landmarks in addition to the robot pose. In the
experiment, four beacons which transmit ultrasonic signal are used as landmarks. The robot receives the ultrasonic
signals from the beacons and detects the distance to them. The method uses rang scanning sensor to build geometric
feature of the environment. Since robot location and heading are estimated by the particle filter, the scanned range
data can be converted to the geometric map. The performance of the method is compared with that of the
deadreckoning and trilateration.
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Fig. 1. Particle distribution due to landmark location
uncertainty
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Fig. 2. Mobile robot and sensor system

51 Zalek =AYt AR E )
A2 (61228)9] F7dolth. 12 A

Hol= 2HQle ol F&ito]l Aurhs ARl o]F®
22 8 A+ WPL(L.7m, 1m), WP2(4.8m, 1m),
WP3(4.8m, 4.6m), WP4(Im, 4.6m)E 7 fr3dte] o] 53+
o aElan 95 mlejie] 914 B1(0m, Om), B2(5.8m,
0m), B3(5.8m, 5.6m), B4(0m, 5.6m)ell “d =] & o] A 9t}
olFERE AR WPLAA WP4E Zfrdtal thA
WP1Z s Eoten, o2 Wio= 53 F353l

Fig. 3. Environment for experiment

HoHlolH BN FAlE = AedlelE o] Aoy
Astz] 9 (1.7m, 1Lom)ollA ol 25& HAA
T Al dAE 95 ol BImFE mXow
A== A dolE 10005 g5atdvt. 19 4=
S¥ 1000709 dlolE & fFad 847K HolH =
Bl Zojrh, faskA] o2 dolE= 146702 25
Z5 9 HolZd Apolell oA X3 A Folw
Z59ke] gl os) 2AE dHolHZ AR ET

o
R O P S

) _E

Beacon Data

250

200

100

50

I~
8.7 5.75 58 5.85 5.9 5.95 6 6.05
Distance(m)

T4lE el ol &

j_E.I 4.

Fig. 4. Received sensor data

49} FAF o) FRYE AN Zzto
2R s AddelHES 24w



ot o714, Bn& 233 A e F-njejzd Atele]
A2l dlelH, Real Diste 23 9§ #]o]zl A}lo] 9
AA A, 283 Avgel Deve F41E 1000740l o gt
Aglelole o] s FEAAE v gt) BlelA B4
2 Zes FFAAT AAE olfE 2H A9 =
w3 HlolZd Apolel Al HofEEo]l BlelM B4z
deE gol A7) W ol

F 1. 25 dH|o|AL} ZRAL0|L] HE|H O|E
Table 1. Distance data between external beacons
and the robot

unit : m
Bl B2 B3 B4
Real Dist 1.97 4.22 6.16 4.90
Avg 1.85 4.01 5.77 5.44
Dev 0.09 0.23 1.40 1.71
a9 55 Age] gigk sAZolt. 27]d o]lFRYE
o AN 95 wolA 2eW AN UA e
I Aty Wy e] setuEES AAth agla oF
2] Tt At W o3l 4 d, AF =

A=, gz IEE QA FA
SLAM®] A¥E 53t o]F SLAMS A ZHE
FAAME ARt 7184 Q AL ARE AGstE
TAR AES AAE A

9k 5he A

gul

s - Ultrasonic sensor setting

Initialization C Y
: Parameter mitialization
> Prediction - Predict pose of the robot and landmarks
Calculation . . . L
belief : Caleulate belief on predicted particles

Resampling : Re-select based on the belief

Mapping : Geometric map building using range scan

g 5 AE oty

Fig. 5. Procedure of the experiment

a9 69 axv 284%°1A ¢ SLAM, bt 338%c]A 9
SLAMZ #& vt 27 e] ash bl A AHs 2
II LPS 9= 250 ol s =7t obd ZA3H A
E FAsta vk ol F Q1 ZXo| FAHE A

gielolg o] o et A A7) wEelth wEkA

MEFS o g3tol ANFAS B A 2R3} R W)
AL Abolol] FET HoIHE 7bx

- SLAMSLateration | | jon DR
Trm : e
6m & A‘ i |
_...Ba®m B3 Bap.r-
5m DR 'l}
im & J AR O e |
~ /
3m ; a //
] A mh o [T o NG Tl T ]
2m ! - 3 L/ %
- A e e
L O Lt
. S WLPs . - -
0m B~ | B2
Cim fom imeizm {3m/idm T5m iemei7m) S (6w i

O3 6. t=284%=2f 338=0|A{el SLAM 23}
Fig. 6. SLAM at t=284sec and 338sec

O 72 olFEREol Folzl olFAR uwat FYP3}
7] A AR F 478%FE 563% Hoke 5WAl G O
g dde] FAAolrh ZEL AFH 104 42 o] F st
F O AHHE 1R o]lseu ¥ 79 ak olFEE
o] o]FelHA ZHo AFAHI FTAld SAH o
3 A= Zgdel Abtolty adlA] PFE ol 239 9
A FA Ao I H S ou|sta, F1 ~ F4s A%
g Al EAAE YAFA B tig Aol
o, BI'B4E 24 SAHEQ] nlojEe] A5 e
itk oj7)ol A EAE ARE AZoA AFI He
2ol ARARE oust} o]FRE] 4 A}E
Eldl= PFE o5 2% FYPH R F9o] ZEH A
A, EAH 40 g FEFEE EAHE T4 &
ZEojA Qo] 2E ] X EAAY] IAE FAH3L
QS-S HolFu vt a9 beE ¥ a9 SLAMZ

e o7 480%FE 563%7FA 9 olT R #H I

] SLAM(Shif)-Beacon | | s (Shift) !
7m\ +~a H i 478%ec 7m\ + P : 478%ec |
-'ké “““““ - : 6m (‘) H O!
L. L m _...Ba ° B3
5 DR 5m
o
4m = 4m
3m 3m
2m G e
~
e
3
3 R om B B2
3_1,“ 30m 51,“ 2m :3m :4m ESm Esm ‘7m | -im :0m :1m :2m ;3m :4m 5m giim 7m
Bm ! : = X 8m ¥
A SLAM(Shift)]-Beacon u
2 i laotsec| [im 491Sec
) e 6m BT,
i In.“ﬁ B4 i® B3

H - ¥
om % 2m”, z
p—— DR; 8
TAPF' i - ~—y
e i - LA i
om S -t om R 52 B2

=1m Ellm 1m :2m :3m ;4m §5m ;Sm 7m -1m §0m Tm 2m ;3m :4m :5m ;'6m 7m

357



Journal of Korean Institute of Intelligent Systems, Vol. 22, No. 3, June 2012

8m H i H H
FIm SLAM(Shift)-Accumulaf
== 7mt =0 H H

s

Fm 2m 3m idm Bm (6m i7m

'AM(Shift}-Beacon SLAM(Shiff-Accumulate |

i im im i2m o i3m idm i5m (6m 7m| im i0m lim 2m i3m i4m i5m i6m 7m

SLAM(Shit-Beacon i SLAM(S
i is398ec | /ml3-P :

imai
R - F2
£ 2 5

-1m g[lm 1m ;2m :3m :4m iEm §6m 7m

2m i3m i4m i5m i6m :7m

8m ! ! g
SLAM(Shift)}-Beacon

7 6-a H 560Sec

{1, : 4P| S =
ﬁ% d 3 :Fz i-;z
i 0w lim 2w Vim idm §5m Esm m [Eim iom im 2wl
a2 7. 58 2k o|SAle] SLAM THY
Fig. 7. SLAM procedure for the 5-th round-trip
motion

Vam B Tem Tim

oy 8& ¥ 79 HA] g SLAM ZAolth. 1
oA EAE PATH= olsZFol a3 FPAH=,
DR2 o]lF2F9 d=gayd AR o3 AH,
PFRobot2 A|¢tE SLAM ®WHol o3 23 %34

AA, LPSE Sl st 289 X4 Ao
o} Z12]3 PFBne SLAMel 9l& FHE &5 uHlojz
ndA e 91X, Bne Al A g F njojA
59 YAAR HEE vebdoh a2 A Riuiel 2
o] Hrdlayd Aae AALAte] FHoz A olF
28 FYPAELE Yo AEHE AHS 28 Yt
a8al AR EEEY] A3 LPSE ole R FYPHE Y
TR gEE BEFAA AAT, AR A
st uwl LPS Poorl™4x 3 #Z&w A7 F=4EHE& &<l
& = Utk ol 9F nlo|HAEZRE EHYFE AlA

358

M OpE 2 0 O b © &>
offt
fr
e
lo,

R
o)

o M

A

. 9714 PFBle] Bl

X

EEAE
S
o
BoAe g

o © Mo

& Bl3} B29| A
3t 7) wjiEel B2el o

1} Aog H o]
4 Eo] EAlst

| =3 Rs W oF

v Aet®l SLAM WHe

Z4 3 PFRobote] 7%, °ol&&
| 2ExF d=gay

< A3}E HAth SLAM

71 AX )

< des g

o= e 85
CER 2 AAEs
w5

N
i
o
f
N

M 22 0[S Al SLAM Zat

w
>

— PATH
DR

° s

+  PFRobot
PFB1

v PFB2
PFB3

PFB4

A

Y plan

>

N

N

© H

N

N
2

v N

.
>
=

o2 rlo

A o
o
ja2)

o
o rir
i e

=
-

I ro

O

il
e

*u
=

il
i

|
Lo

(

Sy ot e

2 o
i,
S
2o,
o

2
[

o ¢
o
bz 1o

—

off 2 v pt A nlo

—.~
2

p

o

5
rr

(

[l o N 40 X o 2 (B T >

o o
oot o g

o

Xplan

8 10

O 8 5HM 2= o|sAlel 28 SLAM 21}
Fig. 8 SLAM result for the 5-th round-trip
motion

=

—
A g AgeA o Fx
Wgoleh Alekel
oA Ase] BEaA
ga ke PRe PF
2ol ol=iel Al
FRes Pael 4
Aol 2 0% Qlstel
BAATS o 83
S olgste Wie o
Fonaia e A4S o
TRl T A
w RS
oluet o Fie] W
I3 ek s Ak
A
5 2 #43

DA Nl ot O o BLME U M X b

2 ot rlo M

o o

e omo b o A ox O g



SLAM©°| 7}%&

8172)

o oy ATellA A<t

(1]

(2]

[3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

o i R
S~

o). =

Aedrs 349

3 SLAM Z3E nig o=z 7]3§}
_/,: o]g% /Rliﬂoﬂ/q y_ 1:}
d SLAMYHES H|

5 )
AE AT
o

ul

2 ad A el 1
R L=
i

1 2]
4
235 e o 1

L

Ao
rek

S. Thrun, “Learning metric-topological maps for
indoor mobile robot navigation,” Artificial
Intelligence, Vol. 99, No. 1, pp. 21-71, 1998.

J. Borenstein, B. Everett, and L. Feng,
“Navigating Mobile Robots: Systems and
Techniques, A. K. Peters, Ltd.,” 1996.

87, HAE, “EH BN o]FzRe F
A AFA 0 AR 2005 Ao EF A=
&8 gE e A nlE, 2005.

]'To, FARH, oA, eAg, “Ad Hx A
oAl Al M EAHES ol&s v 7iwke] A=
A ‘3—! A QA A o] ZRA| A H TS =,
Vol. 16, No. 1, pp. 40-47, 2010.

g, AR, “dARY 7Nk SLAM
M-SLAM,” ¢354/ =883 =%/, Vol. 20,
No. 4, pp. 463-468, 2010.

H. Durrant-Whyte and T. Bailey, “Simultaneous
localization and mapping(SLAM) : Part 1,” IEEE
Robotics and Automation Magazine, Vol. 13, pp.
99-110, 2006. 06.

T. Bailey and H. Durrant-Whyte, “Simultaneous
Localization and Mapping(SLAM): Part II”
IEEE Robotics and Automation Magazine, Vol.
13, No. 3, pp. 108-117, 2006.

G. P. Huang, A. 1. Mourikis and S. L
Roumeliotis, “Observability-based Rules for
Designing Consistent EKF SLAM Estimators,”
The International Journal of Robotics Research,
Vol. 29, No. 5, pp. 502-528, 2010.

S. Julier, J. Uhlmann, and H. F. Durrant-Whyte,
“A new method for the nonlinear transformation
of means and covariances in filters and
estimators,” IEEE Trans. on Automatic Control,
Vol. 45, No. 3, pp. 477-482, 2000.

R. Martinez-Cantin and J. A. Castellanos,
“Unscented SLAM for Large-Scale Outdoor
Environments,” IEEE/RS] International
Conféerence on Intelligent Robots and System,
pp. 3427-3432, 2005. 08.

G. P. Huang, A. I DMourikis and S. L
Roumeliotis, “On the Complexity and
Consistency of UKF-based SLAM,” [EEE
International  Conférence on FRobotics and
Automation, pp. 4401-4408, 2009.
M. Montemerlo, S. Thrun, et al,

e

ﬁHE
oO

“FastSLAM: a

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

_f.'l
0T
It
mjo
o
ol
ro
Am
0
i}
=]
Hu
i
_1_0
Rl
lo
o
>
M
0z

factored solution to the simultaneous localization
and mapping problem,” Proc. of the National
Conference on Artificial Intelligence, Vol. 18,
pp.93-598, 2002.

M. Montemerlo, S. Thrun, D. Koller, and B.
Wegbreit, “FastSLAM 2.0: An Improved Particle
Filtering Algorithm for Simultaneous Localization
and Mapping that Provably Converges,”
International Joint Conference on Artificial
Intelligence, pp. 1151-1156, 2003.

M. Montemerlo and S. Thrun, “Simultaneous
Localization and Mapping with Unknown Data
Association using FastSLAM,” /EEE Intl Conf
on Robotics and Automation, 2003. pp.
1985-1991.

S. Thrun, W. Burgard, and D. Fox, Probabilistic
robotics, MIT Press, Cambridge, 2005.

T. TSUBOUCHI, “Nowadays Trends in Map
Generation for Mobile Robots,” In Proceeding of
IEEE/ RSJ international Conference on

Intelligent Robots and Systems, pp. 848-833,
1996.

J. Mullane, B. Vo, M. Adams and W. S.
Wijesoma, “A Random Set Formulation for
Bayesian SLAM,” [EEE/RSJ International

Conférence on Intelligent Robots and Systems,
pp. 1043-1049, 2008.

Zw-4k o)W 3] Y. Kazuhito, “Rao—Blackwellized
el S HEE o]&3 olF R 9x ¢ 3}7F
A2 Az B&) ZH3F83s =%/, Vol. 3, No.
4, pp. 308-314, 2008. 11.

M. W. M. G. Dissanayake, P. Newman, P. Clark,
H. F. Durrant-Whyte and M. Csorba, “A
solution to the simultaneous localization and map
building (SLAM) problem,” IEEE Trans. on
Robotics and Automation, Vol. 17, No. 3, pp.
229-241, 2001.

g, AEE, (9N A4S o §F oF =i
AW 9K FA” solZEA) A s =24 Vol
16, No. 5, pp. 420 427, 2010.

=A%, A, A, 9 3, FE 99,

2 Ado] goadH olzzE AE&EFI V& er
) S HREXGE =X, Vol. 6, No. 1, pp.
148-156, 2011.

w5, AET, 198, “‘GPSAlA e MCLY e
=5 o] &% HAASAHANA Y olFEE XFA)
20119 %= FAetzhls i =5, Vol 21,
No. 2, pp. 49-51, 12. 2011.
de, I,
ol 8] =S o] &3 4
fx%xfixlaﬁg/ _'z_,'zx/ Vol
288-295, 2011.

N. Y. Ko, T. G. Kim and S. W. Noh, “Monte
Carlo Localization of Underwater Robot Using
Internal and External Information,” Services
Computing Conference (APSCC) on 2011 IEEE

]OﬂJJ n
ixé

359



Journal of Korean Institute of Intelligent Systems, Vol. 22, No. 3, June 2012

Asia-Pacific, pp. 410-415, 2011. 12.

[25] F. Thomas, and L. Ros, “Revisiting trilateration
for robot localization,” I[EEE Trans. on
FRobotics., Vol. 21, No. 1, pp. 93-101, 2005.

[(26] Aeler, g, =4S, “ZH5IHo|S AH&sh
olz2E AUFdL EFHEH SLAM, 77
A}ERIGE =2, Vol. 7, No 2, 2012.

[27] AeNt, FHAEH = A FGo)Ae o]jsE=ZR &
A F, 2Ad g A =1, 2009.

[28] J. E. Baker, “Reducing bias and inefficiency in
the selection algorithm,” Proc. of the Znd
International Conference on Genetic Algorithms,
pp. 14-21, 1987.

[29] http://www.redone-technologies.com/

[30] http://korealps.co.kr/

[31] http://sick.com/

X A A 7

ZEf #(Tae Gyun Kim)
2007 ZAg et Ao A=t
=4 (&b
DAY sty

>

i)

2009

A4 EoF L o] FRE FFELE AETY
Phone  : 062-230-7766
E-mail : ktg9114@naver.com

360

1=k8(Nak Yong Ko)

19854 AN Ao A SF
(384

19879 : Agdhsta B Ao A
o3} BB

199349 : Agohsta ek Ao A=

Fota Z(FA

199713 ~1998\, 20041 ~20051 "= Carnegie
Mellon Univ. Visiting research scientist.
19924~ @A 1 Aok Aol A F =L F o me:

TRk AGRRI} FERR AEFY
Phone
E-mail

: 062-230-7108
. nyko@chosun.ac.kr

=M 2(Sung Woo Noh)
2007 ZA et A o] Al =58k}

£ (384
e 20104

DA e AloiA =
o 2Y(FIAAD)

20103 ~@4 : zAvhska dekel A

WEAF S} by

S

BAURL o] AR, Py
Phone : 062-230-7766
E-mail : nswking0212@naver.com




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


