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Abstract

This paper presents a real-time 6DoF localization method which corrects accumulative error by estimating relative poses
to building walls for mobile robots in urban areas. This method exploits a fact that most of all artificial walls are built
vertically. It estimates poses by not only an inertial sensor but also real-time SLAM and observations of normals from
point-cloud of artificial walls for estimating absolute poses in the gravity coordinate system. Those three types of poses
which are estimated by each way are combined by extended Kalman filter. To evaluate the proposed method, outdoor
experiments with an actual robot were performed. They show the method keeps correcting accumulative error while the

robot moves. The other experiments show how the method suppresses influence of non-vertical planes.

Keywords : Pose estimation, 6DoF localization, Mobile robot, Artificial environment, Gauss map, Extended Kalman
filter

1. #

AR, BNXHEO L5 2B X - ATEEIZPWTEHTAHEBHIO Ry hADEENET > TS,
72, RROBEORY NI, ZOEAKEEZILT 5720, SWEEINEEZRHOZ L RERI NG, @V EEEINEZ
KT B-ODFED 1 D8 U TEBARMELH D, EBIZHFEIN TS (Kwonetal., 2015). BHoHRy b D%
BB 24T 51218, ETHICB T A4 L2 D 3oz I s Ry b OH R EHEE LR Ukl 2 0658
NHsd. TIT, KX TIE, EHAMRZ MUVZHT 2Ry hOMHEZZBALIERI L L T5. b, Z0
RWEE T — )L NEBEERTERT 258481, EHRZ MLICHTs0—)L, EvFITMMAT, I—b0ELh3.

BEMARDZEL, —MIZ, VYA BRI —TRNHEE Y E2HioTHET 2 Z &nL v, Mim Lz ETT 5
BEioRy 054, aRy b EESOIEEPHIE D S DRI EREICKERFEL 52 5720, 35124
R ¥ %Mz SLAM (Simultaneous Localization and Mapping) (Thrun et al., 2005) & DFlA S OERE I N
T\ (Stumberg et al., 2018). ZB#AEHET 572D SLAM & LT, ICP A¥F ¥ > ¥ v F > 2 (Rusinkiewicz and
Levoy, 2001) ¥ NDT A ¥ > ¥ v F > 2 (Biber and StraBer, 2003)(Magnusson et al., 2007) % A\ 7z SLAM H 3R
ThHd. ZNO6DAFY Uy F VI TIE, 2003 WITHEHIH U THEMEE 2 I SO ES DY %2175
Z & T EREA R HEE T 5. F72, Zhang 5 (Zhang and Singh, 2014) 12 Z DfLEADLEIZEWT, FHEHP T v
VORBEEIEHLTWS., —H, HKS (K, BH, 2014) 1%, AT OFFEFTEIRLIIARY VI UL
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M A ARRICBG U, KRR (BFE) CAREGDEZT>TWS. &7z, X TP RGB-D A7 %M
W7z SLAM 12 & B HXREHETE HIRE I TV 5 (Bngel et al., 2014)(Kerl et al., 2013)(Engel et al., 2018). Z#.5
DOFE, PRI T 2N ZHET 2720, BREEEZMIET I AH L. ZOFEHRELMIET
5HEE LT, HTERERFLL% DX HERE 2 WIS T 5 FER D D, RHZHATEREH % W 5 FER
2 RESI N TV S (Quddus et al., 2007). 7z, ATERETOREZMALZFEDBUTO IS ITREI LT
%. S.Ramalingam & (Ramalingam et al., 2010) &, D 3IRITTETIVE, REIRI A T OEBK E Y Y F > 7 %17
5. ZOXYFUITI, EEREEFGOZE @Y OBETAR (skylines) ZAWT W5, %S (&M, 2017)
EFABRIZE TV E RAERN A T ORIGHIT ZIRELTE Y, KENSKRIZELMRO B K ORI L AE FREEEE DRt
DY, NTYBRBICSBFAET 2802~y F U 7ORMEL UTHWT 6 HHEMBE RS EZIT>TWVW5.
Alberto Y. Hata 5 (Hata et al., 2014) IZHBIEHO O DEH AN EMHTEZIREL TE D, BOADHRE2GALCHIK L,
U THHILEBAGLE DYy F U 72 i7oTW0W5A, 20L& D REEHKY 3 RGETFNVOMAIIZ, MEEIZRW
PHEFH R LB Z IRE ST 5. £72, @MER GPS S IHUMEEEZFIHUZHTO Y y FAREESREI N
T\ (Ryu et al., 2002)(Bae et al., 2001). LA U GPS Offifd, FRICHEHWRELREEZRET 5. —1H, 56
(ZEf, 2015) 1%, HEHIEA A T2 AW EMFERIIG TSy FAREEEZEELTWD. Hiljd 8- FE -
EETTHEVIAUTERL, RiB7 L —LAROUERZ NIV ESTER I T Th S MR %2 VT R M
ADLWHEEZRLTWS, L LI I THES NS EHBMIERIINTLEAMTH D 7 —)b FEBERTOH
WHETIZ AR,

ARFETIE, RV SN BEME VY& SLAM OFEITMA, SHEIZET o7 BEY) OBE I3 5L
B %7 =) RERERIZE T 2 Z8 e UTBHITAZ 2T, MAOERZMEMMIE T 288 EEL2IRET 5.
Iz, Bahx TOMERWELZEHRLTHD, V—7270—XZ L5 BEOHBOMIEZAMEOBE & —H L 7%
W, ad, AFEE, —BNLEEYORBENBEE X ZREICETONTWA I L 2FHL, HTEREX %2 B2
L. BATOEBETERICE > TAFEOE A2 RT.

2. BEYOERICNY 2ENERERAVEBHE

ARETIIEIEYI DRI T 2R E AW RAREIZOWTRARS, BRy bAFEIEL TV AIRET IMU
IZ& > THIHREAZRD, TNIZHUTAEEL Y 2HAWEZT Y RLa=v 78 XU SLAM THEE X 15 MR
BRI EREETS. ShERZBHL 2G4, ThozHwTaRy MNEERTOENIRY ML E#fEE L ER
MAEEMIET S, B, TOHWELBIHINLT T4 VZOBAEE U THEI 5.

21 EHES

211 EFEROESR

JERER L FIZEHRT 5.

o IR bR
Ry MIEE S, ETAMEZ XHOEE T2 FERBERE TS, &z X, Y, Z it 2.

o 7 — )l NEFEZA
HIEBMEIZ B WTE AP Ry MEERE —BL, EhAME ZHOA L THATFEREERE TS, %
% Xy, Yo, Zy i35,

212 HWEBEAINT Y74 YI THWREHDESR
Eo2HBLOE 24 THEINT Y T4 VR ERANVS D, B1IZHEHATAIEROESR 2 RT. KM XHNT
DPIEAIN T T4 NV EZOTRTIEINSDOEHALEL THWAS.

213 RBADER
7 —)V REHERD X, 6, Y. 0, Z,Ebr0RBMEZTNTNG, 0, v 2 T5. £/, BEMOEHELI
[-7, 7w TH Y, BHEKIIRERTHD I L E2FET IHENHD 50, BARKRUIEOFRITEET 5.
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Table 1 Nomenclature.

k | discrete time step

f,h | non-linear process and measurement model function

X state vector

Z measurement vector

22 IMU %AW HHRBHE

Ry FAEIEL TWAIREETO IMU O EZ FAWT Y —)L REERICB T 20 Ry S OYIR#A L2 HET
5. FMEEL Y DNAT A @y DHET 5. HIILBOWTIITIEEALV Y 70 VR ZHW, ALY
T AN ZDHEDBINKT 5 £ TORME, IMU 281X B TELBERHS. X (1) ~ @) TEhThRIND
REERZ ML, BIRZ v, REHREX, BHAREKRZHNT, IMU OHIEZ ST 2722 Fifl, Bz
75. aRy MIFIRRETH D720, TI TR y=0T—ELT 5. BELHTHEZR, V—)L REERTDE
HNRZ FIVE Gyora £ 5. NEEDVIIEE Oave, AEEDVIIEE One LT 5. PIZIE Cgex,k 1Tk AT Y
TTO X, WA RO NEEEE R

T
%= (o) M
T
Z; = (aave,Xr.k Qave, Y,k aavc,an) (2)
10) (1

= (3)

f(xk) (0 1) <9k—1>
0 —Gyworld,zZ,, Sin 0
h(xk) = RiGword = Ry 0 = | Gworld,z, sin¢ cos 6 4
Gworld,Z,, Gworld,Z,, €OS ¢ cos O

WDpias = Wave (5)

23 BEEARBWHELSEHIE

231 EERHH

HfEE Y TR OND SREZFAWT, &FHROERERTAEHNZ EHK S 20T (Pauly et al., 2002) Z#EH$ 5 Z &
TR M IVEREET 5. EEAREE, kd-tree(Bentley, 1975) 2 W CTHELREUND N2 R T L Z 2 TES
N5, BN SELNS AR, v Yo E RBIEEHOBENHICR S0, EHAE Y & O
MREWVIFY, BEREEERELTS.

Z DA S, BIEMEO & WERNET % RO E LN OZ&M4: Tt 4 5.

o HHRBMFOEFEROBMR0E 0 BENE) .

o & (6) TEHINZMYE B BTN IW. ZhiF1 ATy THOHEENIRZ MV Glrope 5 & 12, ELH]

SNZEMRNPREE 2R OPZHET 2L DTH 5.
N- G/ robot T

“1
=|cos T —— 22 _ = 6)
P INTTGhonal]l 2

o VEMRT HE R &AL REED ZEGED /NI CEEEAE ) .

i X NIRRT AT ABK (Horn, 1984) Z B L, ERNDSBHIN L T2—2 Vv FEE#fICEDOL 25 A %45
WEEHAT . HURABRE I, BEPRET HERRZ MVOKZELE2—2) vy NEMANICHEET 52 2T
BONBEBETHY, ZOBREZRIZH I AGHRLEIEENS. BEARFETIE, sHHEOBEIZEENS 2
PLTHE2ZEDD7-0, EURERE KXY ARE2 E SITEEROAIIKMLUTWS, DD, SEf7TH
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PVE S EHIZFE CERARZ MLaFEHD LS55, 75 AR) VIR TERIZ, AVADPEELYADARNT TSR
RIINNEL UTRET D, £ FAXBPEOEAHOBELEAEHRL, FNODMEBERY ML e EEG (XA
D ELTHWS.

232 EANY MLV#EE
25 AR) v IZENEER (HYRARATOM) 2HVWTERY MEERIZE T HEAMEITRZ ML Gper 2
WET D, EFERMOBIISCTUTOISIZERTS. #2770, UMTO LS IAER Y cHBHINE R ML,
KRDENINZ MV EFAPMIZRDGEEH 5. TDRD, BWlEIZ, | A5y THOEN A2 &1, Bl
UL7RTZ MLVORERHET 2HENDH 5.
o LMD : 3 ML
FIERE AT ARIZBIT 258 LT, ZORBHINT 2 EMO o CRZEREEIRZ ML T 5. 72
72U, 7T AXDRDHDBTEMIT 2T
o LR : 2
2 ARDEIERREAR T MV N Ny OAMEZEHAFANRT DL ET 5. K lalZHEDRET%2/1RT.

Grobol =N; xNy )

o EIEMRODE : 1
7 —)b N EERERIZ BT DA RSB 215 5121F, FATTRVENER A 2 M EXRETH DA, | AT v 7Hi
DOHEFEINY PV G ropor ZFVT, X (8) DX ITHAOMNCHEEE N2 MV EGMIELEL TS, BllX
NIZIERAN 7 LA N T 5, M 1b IZHEDOT 25T

G/robot — (G/robot i N)N
HG/robot - (G/robot : N)NH

Grobot =

8)

o EIEIREDE : 0
BEhHAMEZHET S Z D HER N,

rotation axis A
( = G,robot X N)

normal A,

(observed) old estimation G1gpot

normal /V; N normal NV is estimated at
(observed) /4777 (observed) 1step before

new estimation Ggpot
[is rotated around A]
GrlobotJ-N

g-vector Ggpot
(= NV, x N

: Li
(Cannot be corrected )k/‘Y

( C.an be corrected )

(a) With 2 normals observed (b) With 1 normal observed

Fig. 1 1In (a), the gravity vector Gopo is estimated by the cross product of the two observed normals Ni, N2. Ny, N
are normals which are extracted and clustered, and they are not parallel. In (b), estimating the gravity vector Gopot 1S
supposed to need two or more vectors which are not parallel to each other. The proposed method partially corrects the

estimation of the gravity vector by using G’ opor Which is estimated one step before.
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233 HERBFIE

FEHRZ MVORETEEAED, WHERBDOEAETHL I L 2HVWTHIET 5. RBFHEIXUCHE (quaternion) %
FAWTITS. 727250, H22HiXE 24 HiTalR I NI ANy T4 VAT, BEZo—), ¥vF, I—TH->
TWB7zd, WTBIZEHBT 2 0EN D 5. MHIERDES%E R T TUITE qpose want PR ZATIZRT. 1 27y 7
FIDHEEESIRT MV G rgpor &5 23 2HTHE UZHEEEIINRT P Gropor ICEWT, TD 2 X7 MLED[H
5% R VUTEE Qerror 13,

Qerror = (%}rror,x {error,y  Yerror,z Qerror,w)

)
— (Cx,siny/2 Cy,siny/2 Csiny/2 cosy/2)

G’ -G,

1 robot robot

=COS —— 7 —— ( 1 O)
4 ”G/robotH ||Grobot||

T G/robot X Grobot
C=(Cx Cy, C =T T~ (11
( X Y Zr) ||G/r0b0tH HGrobotH
HESETS R 2 DIV Glropoy 1SS T BHER LI E R VITERE qhoe L U722 %, RO XS ICHIES NS,
Qpose.wall = q;oseqerror (12)

Qposevall BET qle BT =L KR TOEBTH Y, qonor KD Hy MEERTOME (H) TH3.

234 FrYTL—vay

Pl VY O M IREND > 258, TRCAELE TAMNAREIEIH8ELRH 5. TRy N AN E
ZHIZHIE L TWBRETF Yy )V TV —2 a3 Y ETS. B 22 BiTHGE U 7 I8 %2 K9 MUITEL qpose.ini (XS
%, H2-33HTHE U L% RT VUITTE qpose.wan DA E Y MHF T gmisalignment £ 2.

-1
Gmisalignment = Gpose.wall Apose ini (13)

PN LB IL, R U TR gmisatignment 2 B S8 T LELOE AN FIVHEE 21T .

24 HERAILT VT4 ILYICL BHEE

ZZTIkHERM O Ry PCATEREZETTA2ZL2ELTED, FRAMEZDVZAIRHDTHRL, AL
RYTANRTHHH/ABERET S, IMU 2Ty RLa= v 7 THiET 5 %8 % T, SLAM TH#ET
B A BN 1, BEEICT AR B2 L U, IRANVI Y T 4 VR THRET 5.

x=(0c80w) (14)

o THI (Fy RLa=yr72)
TRy MNEERIZBITAA#EZ, U=l FEERANEBELSHBLU L - MNE2Z1T5. 72720, 2T oNg
T ARZERBLTWS,

Or—1 1 sin¢g_jtan6_; cos¢y_;tan6;_; WX, k—1 — Obias X,
fxem)=| 61 |+]0 cos Pr_1 —singy_; Oy, k1 — Ovias.y, | dt (15)
Yi-1 0 singg_ysect_ cos@_isecO Wz, k—1 — Dpias 7,
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o i1 (SLAM)
SLAMIZ X > THEONDZES#ZZOF EHMNT S0 TIESRL, 1 AF v 7HIZ SLAM THE I N EE L O
N2 AWS Z 2T, Sl 2 2HEHBIIKmLU»TLT5.

Ox—1+ (Pstam k — Pstam k—1)
2r = | Ok—1+ (Ostamk — Ostamk—1) (16)
Vi—1 + (Wstam k — Vslam k—1)

100\ /o
hxe)=|o10| | & (17)
001 Vi

o B2 (BEMBIAD
ERE2 DDA Ty FTIHHIAILREII S T AN BB EHE L TWD DI L, 2 TIEY —)L REER TOHM
SRR EHBIST 5 Z e TcES. X (12) THEIEIN DU qpose.wan &7 —)V REEROB—)L, ¥y
FIZEHBUBHIT S, $233HTHAD TSNS L5, FEBOBIZIGU THOMEL(LEI S,

t -1 2(qposc.wall.wqposc.wall.,x+4posc.wall,yqposc.wall,z)
an 3 — — T2
Z, = qpose.wall,w qpose.wall,x qpose.wul].y qpose.wall,z (18)
-1
sin 2(qPose.Wall,quose.wall,y - qPose.wall,quose.wall,z)
O
100
h(Xk) = Ok (19)
010
Yk

31 %28 (A)

311 KB (A) BB
BROBBI-ATHBTK Y b & EFEE, BETED LUHKBTET, B omRy FOHSESE
W U 7o, EAT ORI SIS 5 2 X WL\ oo, HERASE L RIS E AT H T LT, B
TR R, BT O EMBIGEC BT A TIML 2. DE 0, FUIBERE 2 AV EEE, KBk
EBAEDNS VIEY, AR (D) OBGEAVNE <45 LIDE L,

312 £ (A) JIR

AERTOREFIEO Y AT LK %K 2127R7. K, Static 135 22 MO WAL SAHEE D >~ A5 L, Dynamic I
ETRBBO Y AT L EZTNETNRLTVWS., ATV T4V ZOBERITHWS SLAM & LT, LSD-SLAM(Engel
etal., 2014) Z A\ 7z. LSD-SLAM & (BN X5 SLAM TH 5. HEDL — b DHEX & A7 —IVIZIRFEL 22 »
TEDERBHERIZHEL TS &M Ui#EE U7z, X, Integration TR (4) THW 2 BIEA B4 R %2 W,
X (20) D& S ITEEEEZIT, R EWHERE DA I ND. Vigpor [EH R Y NERERTOMERE X ML,
Lyond 1$7 — )V REEZRTORRY b DHEEMBERZ MLTH .

-1
Lworld,k = LWorld,k—l + Rk Vrobot,kd[

T
= Lworld,kfl + Rk Vrobot,kdt

LXw k=1 VroboLXr k (20)
= | Ly k-1 |+ RE 0 dt
Lz, k-1 0
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KREBRTIE, HEINBANEEEL LU THEA =LA R N THESNANERERE A Wz,
REWE DB FEL LT, Yvy1uRxa—7I12&kd Ty Rlazy sy, o LSD-SLAM %2 AWz, =%

FIREFRKIZ, TNODFERTEBZ2ZNTNMHEL, S -T2 a—XOMMERE LA L7z,

BE, A

DS XV, LSD-SLAM TDJIL— 727 10— X375 TV,

M3 IZEBRTHHATAIBEORY b ERT. Ry MIEBHRL, FHALZ2 2P, Velodyne HDL-32E, Xsens
MTi30, RealSense D435, &1 —)T>1—XTdH5. RealSense D435 iZ RGB-D /7 A 7 TH % 7%, LSD-SLAM
D7-DIZHBEDAZEFIH L7280, FEEBRIIFHL TR, FHHICHWSEME LT, £170KEE & ETK

THIZBITS, E—YarvFvy I F vy CHEONAMBEESE 2.

ARFEERTIZ Vicon Vero v1.3X % H\\ 7=, 4

i, BB RFAERF v VS ANORBEREOMAEGTEE 2 /RS, £173— A, —A#250m, @EERN3m THY,
41TRT KD 3FEET L.

: MU 5 . Wheel E
L Acc Gyro. ’ ‘ Gyroscope ’ Camera 3D-LiDAR @ i
i i i i Vrobot i
| EK.F. i LSD-SLAM Relative pose |
: @hias | | ! to walls |
: | Integration i
! D AQ, A8, AW ®, |
| o (e.7] |
: Pii i Yini | 1 R 2 |
‘ . E.K.F. . 9, . Lyond )
| 3 . »| Lvelocity ;

Fig. 2 A system configuration diagram of the proposed method for the experiment is shown here. “Static” part represents

the system which runs when the robot has no move. “Dynamic” part represents the system after the robot starts driving.

Estimating pose with vertical walls is referred to as “Relative pose to walls” in this figure, and the pose is merged through

E.K.F. with other estimations. In “Integration” part, estimated pose(orientation) and linear velocity are integrated.

Velodyne HDL-32E ‘

RealSense D435 ‘

Xsens MTi30
(inside)

Wheel encoder ‘

Fig.

information is not used in the experiment.

[DOI: 10.1299/transjsme.19-00065]

3 The experimental mobile robot has 3D-LIDAR,
camera, IMU and wheel encoders. RealSense D435 is RGBD
camera, however this is just for LSD-SLAM and depth

- cane T
gle, Map data ©2019 ZENRIN  Japan Terms  Send feedback 10 M b

Fig. 4 An aerial shot of the experimental environment is
shown here. Motion capture cameras locate on indoor area
of a building. The robot starts driving at that area and comes

back there. The course the robot drives has some slopes.
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313 EE (A) #R

#2102, HFIETOREMBELRBAORAEERT. RPOFEE, 7—)U NEIERDMEEH 2 EHE L UZES &
CREAMOMAETH S, F7z, Bucdist. 1%, 2—2V v NEECR LU M ERHEHETH L. 2—2 V) v NiF#fT
UM EHEPRAZICBELUT, MRFEICHART, BREFEOHENNS W En o, EfTHOLRBHEDED
RETFIEOHPNIVWEEZXS. K512, EFRETHEINZaRY bO#BHZ2RT. ZOMEIY, HCI—R%
3EALTWEZ %23 F5R5L, REFIEOHMEIMIOIRAEN L D/INS W ERHBENIZE A0S, KT, Z, i
(BRE) AROMHEZEIVNS SHMASNTE D, BEEZHWZMMIEIC L SMERL L ERT S, 5232 HTHR
U7 & 95107, BB Ko CEEMOEDEZR D, WHEERL S, R31Z, TOEBRI—-ZATOEFIIBITS, Eik
RO IS U BB T OMERBOE S 27T, £ 412, FROERBEECTE SICEREH VR B, 2%
FIRT X D HEEEDFHES KO ERT. 72720, BMTHT>7=ERTIX 1 HADADETTHY, ThE S
[m4T > 7=

Table 2  Errors of position and pose estimations.

error in... ‘ ‘ Xw[m]  Yy[m]  Zy[m] Eucdist.[m] ¢[deg] O[deg] y[deg]

proposed method || +1.8843 -0.6136 +1.9233 2.762 -2.069 -0.095  -0.300
LSD-SLAM +4.8471 -2.3376 +9.0677 10.544 +6.922  -8.721 +18.257

Gyrodometry +2.0761 -0.2382 -2.6726 3.393 -2.984 +6.970 -0.963

. START : A + Proposed method
. GOAL : O - LSD-SLAM P—— =
: . Gyrodometry SETITI I |

(a) Perspective view (b) Top view

Fig. 5 Estimated trajectories of the robot are shown here. It is visually found that trajectories estimated by Gyrodometry

and LSD-SLAM respectively have larger translational errors in Z,, axis.

Table 3 Ratio of times of each correcting type to number of scans.

n: number of dominative normals H n=23 n=2 n=1 n=0

ratio[ %] | 009 3906 6084 0

Table 4 Average and variance of the proposed method in 1-round experiments.
H Xw[m]  Yy[m] Zy[m] Eucdist.[m] ¢[deg] O[deg] w][deg]

ave. | 0.5119 0.4260 -0.0748 0.8153 0.018 0.006  3.032

var. || 0.1817 0.1967 0.0305 0.1030 0.059 0.120 5.034
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32 E£% (B)

321 =8k (B) #iE

BRE TRV PRETIECG A 508 %, iR ERIZ X > THEEL 7z, ShiEm CH E - EBNZERIZ,
ETRWEHZ2ROMEY 2%EL, H23M Tl Uz X5 IEm 28 U RS2 HEE L., 72720, aiRy
MIEEXE, IMU 2{i-725Fy RLa=Z V7B X O SLAM 7> TWig\, 7z, HFH234HDOF Y ) T L —
¥a VT o TV,

322 =B (B) ®IE

FER (A) LRUUBARY hEAWTEREZTo772. BEEYE LT, RS5OLSLERAOR-FET IV IRefl
AL, HERAPEEYOFEES L OBAELZTHE LU, X6 IZEROMT, X7 ICEBREREE TSI - flt%
FNENRT. EBRBREN, BNTHI FOEMBINTWSED, ORY b OB DEEIR e =0, Orue =0
& UTCTEHmIZ W=,

323 EB (B) &R

£ 612HEER (B) OfEREZ/RT. RNDEAX, 1 HHOFEETHS. T2, EBREEROKTFOHE LT, EB
n0.3 O 3 RICREES L OEAREEZ X 8 1IZRT. B dD extracted normal 13, 2§ 2.3-1 EHTHE I N5 5%M %5
72U, (EHEMELE W EHE S N7z R, clustered normal (3 EER 2 XK T, EEYOMEESHARELRDITY, HE
BEMOEAEIIKREL RS, 12720, X (6) O BABMEZEA -6, Fkinod O XS ICEEYOHEN LR
5. EBnod ORRTZM9ITRT. F72, BEEYFROFEHOHMPREWVIZEY, HEZBAMOTAEIFIREL R
5. ZHNIEE232HD@EY, BIIIN/EROBD 3 LA EDGE, 77 AXDBEDA VO TEAT 2175
TWABIZLIZHRKLTWE EEZ D, 12720, AVANOBMBBMEE FE - 725604 UEL 35728, FEinoS D
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Table 5 Detail of obstacles.

name dimention description

small plane | 400 mm x 600 mm  aluminum board

large plane | 1530 mm x 900 mm  bulletelin board
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Fig. 6 The Environment of the experiment(B). Fig. 7 Point cloud of the experimental environment(B).
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Table 6 Errors of pose estimations with obstacles which are not vertical planes.

no. H obstacle type  tilt[deg] roll error[deg] pitch error[deg] recital
1 no obstacle - +0.103 -0.831 -
2 large planex 1 15 +1.24 +1.57 -
3 large planex 1 30 +1.89 +3.01 -
4 large planex 1 45 +0.104 -0.831 out of the angle range
5 small planex 1 30 +0.113 -0.832 outlier
6 large plane x2 30 +3.96 +7.38 -

(i = ~
(WA robot coordinate ™~

point in Gaussian sphere *

R ]

‘ gravity vector — | | clustered normal — |

Fig. 8 Point and normal cloud in the experiment no.3 are shown here. Extracted normals are picked out form the original

normals, with conditions for judging whether a normal has a vertical plane. These extracted normals are projected to a

Gaussian sphere. And the points in the Gaussian sphere are clustered.

Fig. 9 Point and normal cloud of the experiment no.4 Fig. 10 Point and normal cloud of the experiment no.5

are shown here. There is no influence for the pose are shown here. There is no influence for the pose

estimation when experimental obstacles are tilted more than estimation when experimental obstacles are small enough to

the threshold which the proposed method has. be recognized as outliers in the clustering step.
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