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Study on CPS SLAM

—3D Laser Measurement System for Large Scale Architectures—
Ryo Kurazume*, Yukihiro Tobata*, Kouji Murakami* and Tsutomu Hasegawa*

In order to construct three-dimensional shape models of large-scale architectural structures using a laser range
finder, a number of range images are normally taken from various viewpoints, and these images are aligned using
post-processing procedures such as the ICP algorithm. However, in general, before applying the ICP algorithm, these
range images must be registered to roughly correct positions by a human operator in order to converge to precise
positions. In addition, range images must be made to sufficiently overlap each other by taking dense images from
close viewpoints. On the other hand, if the positions of the laser range finder at viewpoints can be identified pre-
cisely, local range images can be directly converted to the global coordinate system through a simple transformation
calculation. The present paper proposes a new measurement system for large-scale architectural structures using a
group of multiple robots and an on-board laser range finder. Each measurement position is identified by a highly
precise positioning technique called Cooperative Positioning System (CPS), which utilizes the characteristics of the
multiple-robot system. The proposed system can construct 3D shapes of large-scale architectural structures without
any post-processing procedure such as the ICP algorithm or dense range measurements. Measurement experiments in
unknown and large indoor/outdoor environments are successfully carried out using the newly developed measurement

system consisting of three mobile robots named CPS-V.

Key Words: SLAM, 3D Map, Multiple Robots, Laser Range Finder, Digital Archive

1. & C &

WK L TEHRLEYNEZ EORA - AEDHREICBNT,
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WA ERBRICE D L), BEAFICL ) KE» LM
BEOLEERITILENS L. 5SS VB ITIIHRN
BOFEIA N RELRD, SHIZICPEICL VHEERNM
BADLEEIT) -0I1E, ZFHHETEONAEZRTET—
AL TR REREEEN, o8 7 — 5 DO5HT
SIZELR L LI ICHEEZFIITORITINER S v,
Zhiuzxt L, Bl SLAM L ERICL —FEHIKB ORE
B, sHAFMEEERCHEL, & FEERY S M FEEE
RNOEFATHN R EHERD B Z L T, ICP Bk L DBMLEL A
WP ZRTET— Y HAxBEREDELIFENEZONSE. 2D
—flE LT, TNFTFTIZGPS & L—HEHlZEE A A DY
FFEIRESNTVS [6][7). Lo L, BifE GPS TRMEL
WMNEREZIT) I, RTK AR (VTVI A LF AT 407
HR) * VRS H (RABEELHR) & CHKkL#E, Fik
PHVALENHD, T/ GPS BHEORBEELRVEYOB
LREARE, AEACHTHETIIAVLZ EANTE RN,
BRX T, BEIOoKRY hOBBEMEREFEL L TRE
Eht, BuKRy MILABRARY Y a=r 7Y A5 4 (Coop-
erative Positioning System, CPS) [8] x F\v», Z® CPS &
BEWELZORy MEBRE L -¥FEHAIREBLHAGDEDLI L
T, KEEREEICBVWTOERELREMR KT A A 7
L “CPS SLAM” ##R%F T 5. AFHEEIBE DRy MK 2
SLAM & LTORIEZT TR L, ICP #% EOBRMEIREL
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HWMLTHHBOKRY MEFIEEE,
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(2) BoKy MIERLAFHSICEY, Foky b1 ETO
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(4) Robot 0 moves and
measures the position
of robots 1 and 2.

(3) Robot 0 measures
the position of robot 2.

Fig.1 Cooperative Positioning System, CPS
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Child robot 2 »

Child robot 1
\
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Fig.2 Long distance measurement experiment

Final position (-0.4,1.1,0.5)

Fig.3 Results of long distance measurement experiment

7 B FEAEAT 0.97 [m] (BEIEED 0.3%) THY, ERFHELHE
NTHREICEWBENERTE 5 2 LRI N7z [9).

2.2 CPS OUBRENEE

CPS 12 & ) EHE N2 L& MBI D THRITRY IR
T35, $TFig 1 IIRT 3ADTRY M2/ CPS IZBw
T, MEIFENL 2B0FRy M1, 2 FTOHE, HA,
BXOWAZERLT, BoXy 0 ONEBEXFRETLHE
(Fig. 1(4)) 2% x 5. 7272L, Buxy b+ 0 3BBOEMET
IV EFRRIC 2 SRS R L, EAHAITTAMEE I
BHTHEETA, ZDEE, ZhFhou Ry PONE, £
B Pi(wi,yi,zi,Gi), (7, = 0’”2), Ry 0265 ERY b1,
2 FTOHMEL r1, ro, HUAE ¢1, ¢, WAZ ¢, o &
T5E, Ry b0 Ry M1, 2~NOBBIHENIZ,

(o — 1) + (yo — y1)® = i cos® Y1 (1)
(mo — x2)® + (yo — y2)* = 3 cos® ¢y (2)
20 = z1 — Tr18in Y (3)
=29 — T2 sin ’Lﬁz (4)
o = —¢1 +tan P L =¥ (5)

T3 — To
= —¢o +tan™! - (6)

2 — X0

DRDOTHAH., TITRETREEHITERY b 0 DELES
(x0,Y0, 20,00) PO THEH5H, ZOBHUERIITETHS.
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LU, 2 MOBREMBIFTIIN 5 % 2175

E:<Eu &2) i)
o1 Yoo

¥/ 3o 1
Yo = diag(o? 03, 012,,) (11)

THY, o2, 03, ol FETNENIEHE, Hiif, WAORNER
EOSUIETH L. 127 L, ZOREEEIILEE C/TIcE
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%%z, 20X TEADIFSNIRETEM
minV'E; 'V (13)
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EY b5%E (Fig.1(2), (3) %25, ZOLETURy b

B 1%
B Child robot with active

touch mechanism

i = To + T; COS ¢p; cOs Y; (17)
= yo + 7 sin ¢; cos Y; (18)
20 + i sin; (19)
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Parent robot

Fig.6 Fifth CPS machine model, CPS-V

2D scanni
aser ran
LMS

Fig.7 3D laser measurement system using rotation table

Child robot 2

Child robot 1

e
ing Total station,
g€ finder, 5§ AP-L1
200 '
1

2-axis
attitude sensor|

around yaw axis

Corner cubes S5

650 MHz

Table 1 Specification of total station, AP-L1

X

Fig.8 Child robot

DC servomotor

AP-L1 (TOPCON Ltd.)

Range

Resolution (distance)
Resolution (angle)
Precision (distance)
Precision (angle)

4~400[m]
0.2[mm

”

5

+ 3 + 2ppm|[mm]

+5”

Table 2 Specification of laser range finder, LMS200

LMS 200 (SICK Corp.)

Range

Field of view
Resolution (distance)
Resolution (angle)

80[m]
180°
10[mm]
0.5°

fEE ZPET S 720D 2 #EH+ 4 (MD900-TS, Applied
Geomechanics Inc.) ##E#,L TV 5.
TI7AYFIEAY) v MROKEET -5 %, &K 80[m|, ME
180° D#PFTHALZ LA TE% (Table 2). 72, Ky
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Fig.9 Indoor experiment using CPS-V
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Final position o :
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@ : Scanning positions of ‘ T, Q;""
parent robot. Initial position
1 0,0,0
Downstairs

Fig.10 Path of parent robot

M, AEEEICERL2EET — 7V 2 EEE (yaw 8) &
DICEEE S, EEETVWRES KTV —HFL I T774 Y
Fhb AT A ZAROHEEHT— % ik L CEHll§52 LT, O
Ry VeEBO=XTCHET— 5 #1852 LA TESL (Fig. 7).
%8, 1 EOLEMOMEET— 5 BUSICET 58 37.8 BT
HbH. TO=RITHEEET— 5 ORUSEE% CPS BIfEIC L 28
g, MEBRELAASDE, RAREIIBVWTOEEELZ=X
TEEREHX 2 VRS 5.

3.3 EABEMNKERER

HESE L7255 5 Kk CPS ## £ 7 )L CPS-V # v, BNZEH
I2BIT B =ERTREBROBEEER LT 72,
EBRTRETRY M & 1A 4[m] ToBE £ (Fig.9),
HBoRy bHEIE L2 THO Ry MR L2\ T —
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Fig.11 Obtained 3D map of indoor environment

VEEEHEHE D ICEETEILETL—FL YT 74 Y FICL DG
AL, BoNnAZ R — 5 2 SBREHE 2 HIE L 72
BuRy FOBBMEE Fig. 10 1277, BuRy MKk
T, x W5 39 [m], y #@HEC 10 [m] BEL, 2HOTFO
Ry ME, BHoRy b OXROBEEFHIFE L, B X ORI BEEE
M ZAT o ot CEN TN EIL ¥ 7. T/, EBROKRE
LN-ZRICHK % Fig. 11, 12 IIR7. FhFhoHb 0=
RICHE NI V72K, BaRy M ABRERH 217 - 720
¥RLTBY, FoRy MIBEHICL —I2 X 2B %
23 [I4T -7z, F72, Fig.12(a2), (b2) 34T, Fig.12(c2) &
Bohigr—7Ic=AN /'f%BF HCTERLTWS, EE
DFER, B DHEICBV TG :%Eﬁ?~7%,m%
Lo TRIE SN ulﬁlrﬁ[zﬂﬁ%ﬁ WTESLET LI L
T, ICP EHEOBME L F o2 WA Z &% ZRTCHRER
RAERTE LI EDHRTE 2. 5B, REBROKREL N
72 CPS OfLEEERZE, BOFy b ORBE)ERE 86.21 [m]
123 LC 1.25 [m] (RRFBEDFEBED 1.45%), 7 yaw #iE ) D
AEBAEIL 4.2° THY, TOBRZITIE 2.1 HTRLELERD
CPS IC L A EFRERE[9) ICHNTELLKREL o7, &
D7z, Bz X Fig. 10 HIZ/R 3 Corner IZBWT, £ 1 [HED
B R L 55 23 M H OBRERR Z LK L7234, Fig. 13 (a)
CARTEIIC 117 [m] DFTADSELTWS,
AERBRICBITAZIDL ) L RELBEEROFLERE LT,
(1) MBREHALV-—FLYI 774 v ¥ OEEEE
(2) BENIZHES CPS By KAE %%k
DZORPEZLNL, (1) FOKy FEOIEERERICRES
HEETHD., h—FIVAT— 3> (Table 1) DHIEEZED
FEE LT, MRS E COEBEA 5[m] LLTOR4A, #lfEs
AT 2 Z LG o TWD [12]. AERTIE, F
OARy hEBTRY OHMEHELH 4 [m] 12fRo THHSE
77z, WIEBEENBICKREPoEEZONS, F7- (2) 12
DWTiE, 22 D CPS BifEZ DB L7201, EEIKE
CERLZENEZONS, CPSI3Fy Flazrr%LHy
NNTBEOER /N E VL DD, SHELMNEBREICE, T
E B0 % CPS BifERICOBEIZEE LW, — 5T, &
BERTEREHHOEEIZIZTE LTS DBRGLETH
b, £Z27, CPS DEHEDO—DIZ, UKy MASROMERE

HAOKRy PERFE25 %85

(b1) (b2)
(b)

(c1) (c2)
(c)

Fig.12 Obtained 3D map of indoor environment

HEM S E TOBBHIUME(ZITo0, BEWELHEREL
mELTD, G%k;%uﬁﬂmﬁﬁkuﬂ% 20 S
b [8l. KYATAIIBWTIX, HuXy MO ERERE
BFERy FOBBEKICKEIKET LI E0L, FORy
M TELRYED SRV E ) IEHEICES I£- THIE S+,
BORy FEZISECBENE FO Ry OBHIC X ALERE,
L—HIC L 2REFHIZ Y ETI LT, fIBOERLI) O
BELREBHOERSTETH L EEZ LN,

COFFEDOREERIED -0, oKy P OBEIREKIEIHRO
EEBLERKEL, FOXY METELLETLLWBEIRIKE %
559 ICBEISET, FAFICEEMRZERLZ. BHoRy b
DRE#EH % Fig. 14 (2”37, EBRTIE, HoKRy FOBEE
HBEIL, FhEhoFaRy FoBEEBIE 5 EE L
7. EBROEREB SN/ CPS OfIERIERZIR, BuKXy b
HAEBYEERE 93.9 [m] (3t L T 0.22 [m] (BRBEIFEEED 0.24%),
yaw B ) OAEEZEIL 1.5° Th o7, F7- Fig. 14 HIIRT
Corner DEEHIRDALE & B L 7245R, Fig. 13 (b) 2R T &
9 ICRAZEE 0.22[m] &% Y, Fig. 13 (a) & HBk L THEERICHEE
AEELZ EPHERTE .

3.4 ARBEEEYO=RITHIRHAEER
RICBIEREIC B CEEM O =R TEIIREHIEER Z 1T 5 /2.
FHENZEAY 13 A S 47V, EEWEIE O = KICAK % &1l
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Ist scanning

23rd scanning

1.17m

Y

—

(a) Child robot moves 22 times

(b) Child robot moves 5 times

Fig.13 Comparison of modeling errors

10m
—
o -
L o T -y,
(337,63,0.0 0 _ .. N
Y !
.~‘ 3
i 18
< i 9
) il
S
' ;
Upstairs o( Lod
.
H il
¥ <
L Hall :
3 ©.1,-39,01) +
: ~ O —
? Comer p—x |
Path of parent robot "‘ ]
X Initial position ) O
0,0,00 % H
* Hy
: s b
v Final position /. o
0,0,0.2) < b
A
<> : Scanning positions of 0\ .'
parent robot. ] a_‘ o
@ : Scanning positions of :
parent robot. Child
robots moved after the D . @
ownstairs

7'

measurement.

: Positions of child robot 1.
: Positions of child robot 2.

Fig.14 Path of parent robot (each child robot moves 5 times)

L7-. EHll#E %% Fig. 15, 16 |2, #HuX vy b OBE#HH%
Fig. 17 |[ZR Y. AEBRICB I AMERESRA, BuKry b
KBRS 147.7 [m] 1224 LT 0.63 [m] (RFEBIEERED 0.43%),
yaw BifE ) OHEEEIL 0.9° Thorz. EBROMR, ERD X
HICICP 2 BT 57D T — Y DGABTHICELE L X
HICHIE LR T, HMAEROGHIMSIZH L TiZd 2w
FHAEI TR ICREBES S OND 2 LD HER S L.

3.5 EBROH3BIHNBEICS I Z=RTeHAIEER

KIZ, BIEEY 3[m] ORKOD BN EETERL T/
(Fig. 18). EB#ER% Fig. 19 lIR" 7. UK v i Fig. 20
CRTHB TR L. BoRy M 2 @S o2 ERL
TBEY, HNZHETOERERLEHEEMET L LT, FUKY
FoFHHRe L —HEHADSTTRECTH 5. BRI BT A ILE[F R
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M oLk B A

BHN st

Fig.15 Total view of 3D map in outdoor environment

(al) (a2)

(c2)

Fig.16 3D map of buildings in outdoor environment

#£i3, BuRy bORBEIEEE 130.6 [m] 1xF LT 0.80 [m] (#
BENEEED 0.61%), yaw BiE ) O AFEEAIL 0.7° Th o7z,
DL ITRIKDD HEINREEICBWTYH, BRERE L FEKIC
KYATLDBERTH S EDHERTE .

4. % & &

KFHXLTIE, BEIOKRY FOBEEMEREFETHLEHED
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Initial positiony [ Y
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b
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g
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«: Scanning positions of
parent robot.

Fig. 17

Path of parent robot

Position o
approx. 3m above position

Fig.18 Outdoor environment with slopes

Ky M ABAET v a=r 7 (CPS) L BETREL L —
FEHUEE 2 M AGDLE, KEEREICBVTH BBELRE
W ZIEHR TSV AT L “CPS SLAM? #48%E L7z, 787
IZHESE L7 CPS # M £ 7V CPS-V # HW\WT, BNBLUE
BRI Z B\ TR EEW 123§ 5 ZROCERBE I OB E
BETY, B2 E TR LAZZRTAT -4 %, CPS 12
F o TRlm SO i EESQAS T ELETAI LT
ICP %5 0%MEL F o 7o C WA 2 & %2  ZRICERE M AS
ERTESLZ & MR LIz, $72, CPS BERIKABIEHE D
WBREICHETHI LML, ufry MVEORBETAED T EIC L

D, BREELR=RTREBKIBEETCELILERLE. &5
2, BRODLENEEIIBWIHERI AT LADPEHTHA
EEREERICE DRERE L 72,

AR AT LI ICP #:% EOBMBRLE RIS L b LT
BN e, BEEELS ERHEEEYOEBE=XTL —
FEHAZ EE P OEEICHEML CE 2L D 5. 41413, B
TENZ AL — 7 ORI L DAITHDI TV 5 EHAHE T DR & B

HAED KRy M#ERGE 25 58 5
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Position o

View from position 3

Position 3

View from position o

Fig.19 3D map of outdoor environment with slopes

10 m
X .
Position o
e / Initial position
Building (0.0, 0.0, 0.0)
(10.5,27.8,-0.7)

Final position

(0.1,-0.2,0.7) )

Building
Position B

# : Scanning positions of parent robot.

Fig.20 Path of parent robot

NE b OEEsER0o U= EtiEE T HEML L2 Y X5 A
DORFEX BT L LI, IRRICIBLTICP A EbET
EREARMET A2 LT, BEUAy MO EBEREHES
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