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O 1.1: Pictures of some target walkway environments

000000000000000000000000000000000000
000000000000000000000000000000000

000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000 0000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000 000000000000000 (0 1.1)00000
000000000000 000000000000000000000000
000000000000000000000000000000000000
0000 1.20000000000000000000000000000000
000000000000000 35kmO0000 1.2kmO0000000000
000000000000000000000000000000000000
000000000000000000000 0000000000000
000000000000000000000000000000000000
00000 (0 1.3) 0000

00000000000 000000000000000000000000
00000000000 00000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000 00000000000000000000000



010 0000 3

m— yrerimental Environment
= [\ayigation Fath
. Target Building

b Lo 1 Rl

00 1.2: Plan of walkways in the University of Tsukuba
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Height DGPS
1200m : dome antenna

0 1.3: Autonomous mobile robot “Yamabico YM2000” equipped with DGPS and LRF
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O 1.4: Some walkway environments for measurement experiment
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020 G6GPSULOUOOODOOOOOO
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0 2.1: Types of GPS

Accuracy Availability Reference station (RS)
GPS 5-10[m] No limitation No use
DGPS 1-5[m] 100 [km] from RS | Geographical Survey Institute in Japan
RTK-GPS | 2-10[cm] | 100 [km] from RS Japan Coast Guard
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0 2.1: RTK-GPS (Trimble 4000SSl)

GPS satellite

Rover WYY RTK-GPS

antenna

| RS232C

MCA RTK-GPS
wireless radio (Trimble 4000SSI)

Correction information

Available distance
Max: 10km

Reference station

0 2.2: System configuration of RTK-GPS (Trimble 4000SSI)

22 NMEAOUOUOOOOOOOOOGPSOOOOOO
googd

RTK-GPS1 DGPSO00000000000000000000000 RS232C
00000000000000000000000ONMEA-0183000000000
000000000NMEAOOODDOD220000000000000 GGKO,
0GGADOVIGOOO 00000000 000000000000000 GPSO
00000000000000000000 RTK-GPSOO D000 GGKOOO DO
000000000000 pgps= (XgpsYgp9 0000000 (DO D OO (Position
Dilution Of Precision (PDOP)] 00000 D0000,0000)00000000
RTK-GPSO 00000000 Fix’ OFloat’0” 00”0000 OFxO00 0000
000000000000000Featdd DGPSIOOO000000000000
00000000000000000000DGPSOO0000GGADO VTG,
0GSADODDDOOOO000000 00 Pypst) = (Xgps Ygps Ogps) T 000 00 O
0 (PDOPODOOODDDOD,0000,00000)000000DGPSO D
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0 2.3: DGPS (Trimble DSM12/212)

GPS satellite

e

Correction information

Data
analysis

" Available distance
= Max: 100km

DGPS C

\_ Trimble DSM12/212

O 2.4: System configuration of DGPS (Trimble DSM12/212)

000000000000 Differential”’0” 00”0 000 ODifferentialC 0 O O
D00000000000000000000000000O0000 dFloatdd
Differentiall 0 00000 0000000000000 00000O00OOGPSO
00000 (Xgpst),Ygps(t)) D 0O OO0 OO OO0 0OO0O (Time Of Flight (TOF))
000000000000000GPSIOO0OOOD B,,t)00000000
0000000000 0000000000000000 GPSOOOOO0O0O0
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00D00000000000000000000D000ORTK-GPSD 0000 GGKO
0000000000000000000 WGS-840000000000000
D00D0000O0ODGPSOOODDDO N GGAUDOUOOUODDDOO DGPSO
O000000000WGS-840 0000000000000 000000nd
0000000000000 D000Do0O0o0DD00000D00Do0o0o0oonog
000000000 (@O0O00)0000 (Xgps(t)[M], Ygps(t) (M), Zgps(t)[m)) 0 O O
0000000000000090000 (00 139500°.000 00 36°0 0.000
0000YODOOOOXOOOOOO0O0zZO0OXyoooooooooooog
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O 2.2: NMEA sentences

Sentence Contents
GGK Latitude, Longitude, Height, Quality (RTK(Fix):3, Differential(Float):2, Single:1, None:0 ),
Number of satellites in use

GGA Latitude, Longitude, Height, Quality (Differential:2, Single:1, None:0),
Number of satellites in use
GSA Mode(2D:2, 3D:3), Satellite’s ID used in position fix,
PDOP, HDOP, VDOP
VTG Speed over ground, Heading direction

000 RTK-GPSO 0 0 0 pgps= (Xgps Ygps 0 DGPSO 0 0 0 P(t) O (Xgps Ygps)
Oo0oooovicGooooooooooobePSOUOOO XY DODDODODODOOO
00 (Vgpd) kn/h)) 00000 (Bypet)[ded) 0 000 00 0(t)0 00 0000
0o0ooo 3000000000000 ooon Xpooooooooo
000 +180ded 0 0 Bgpst)[ded 0 000 0 DGPSO OO0 OO0 OO ODON
Pops(t) = (Xgps(t), Yops(t), Bgps(t)) T O OO O O 1
oooGePSO0O0OO0ODODOODODODODOODOOOODOODOO (PDORODODONO
000000000 00000 (RTK-GPS: Float, Fix or not. DGPS: Differential or
not)JO0 O OO0 (3D,2D,ornonel] 00000 OOORTK-GPSOO OO OOO
000 MeGKOODOOooooonooooog pDOPOOOOODOODOOODOOO
00000oooooooooobePSO 00D DOOOOO I GGAD O GSAL
00000oooooooo pDORIOOOOOODOOOOOOOOOOOOO
00000 0DO0D0O00000O (02000000 000000000000O
000000 eGPPSO OODOODDODODOOOOOOOODDODDODOOOOODOOO
O0ooooDbePSO OO0 O0O0OoOooooDoOoooooDoooooonon

goboooboogd

2.3 RIK-GPSOOOOOOO

0000 RTK-GPSOOOOODO FixODO FloatOUOOOOOOOOOOODOO
O0000kRxOOODOOOOODOODOOOOOUOOOODDOOOODORTK-
GPSOUUOOOO0OUOObOOOObOOoboOoobbooobboboobobooboooog
oobo0RTK-GPSOOOOODOOOOOO0OO0OOOODOOoOooboOoboooDoO
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24214

Y[m] Point position measure d by RTK-GPSX
24213 ><\ b

24212 [ \
24211 \

24210 \
B

24209 [
24208 [
24207 [
24206
24205

A
24204

Xl

24208 " " " " " " "
12084 12086 12088 12090 12092 12094 12096 12098 12100 12102 12104

0 2.5: Accuracy of RTK-GPS measurement data: |AB|=10[m], |BC|=10[m],
|AC|=20[m].

24214

il RTK-GPS (2001 8/20) X

RTK-GPS (2001 9/23)
242138 [

242136 [
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0 2.6: Repeatability of RTK-GPS measurement data: a point location is measured by
RTK-GPS (trimble 4000SSI) at different time.
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0 2.3: Static measurement
true value | measured value

AB 10 [m] 10.0158 [m]
BC 10 [m] 9.995 [m]
AC 20 [m] 20.01 [m]

/ABC | 180 [degree] 179.76 [degree]

O 2.4: Repeatability of RTK-GPS measurement data

Date X[m] y[m] oxm] | oy[m]
Aug. 20 2001| 12084.679| 24213.255| 0.0014| 0.0012
Sept. 23 2001 12084.678| 24213.259| 0.0013| 0.0013
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B e Fix|solution
% ' * Float solution |

Paths along which the RTK-GPS RTK-GPS position data
receiver was pushed

00 2.7: Position data measured by RTK-GPS during the receiver moving
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RTK-GPS measurement data: 3
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O 2.8: Accuracy of DGPS measurement data.

0O 2.5: Statistics of DGPS measurement data at static state: correct position measured
by RTK-GPS is (12084.679[m], 24213.255[m]).

X[m] ylm] | ox[m] | oy[m] | 3l [m]
1] 12084.214| 24213.109 0.854 | 0.330 | 0.487
2| 12084.723| 24213.278| 0.567 | 0.284 | 0.537
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100m

. D‘GPS measurement data

Area where erroneous DGPS |
pqsition data were measured

DGPS position data
Paths along which DGPS pushed (Differential solution)

O 2.9: Position data measured by DGPS during the receiver moving
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0 2.6: Statistics of DGPS measurement data: (true, average, standard deviation)
GPS Position Data GPS Heading Direction Data
dgpM | Oagedm] | B[ded | Bgpfded | Togplded
0.07 0.06 117.9 117.4 2.78
-1.91 2.12 -62.1 -61.3 7.94
0.89 0.34 28.1 27.7 5.11
1.32 2.62 28.1 18.3 26.3
-0.19 0.38 117.9 117.3 7.88
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0 2.10: Typical DGPS data near by structures

30



020 GPSOOO0O0OO0OOOOOOODODOOODOODOODODOOO

10 12
Distance [m] —%- Quality [0-2] %
10 Satellite number [0-12] —+-
8 PDOP -
Mode [1-3] -0-
8
— 6
E 6
[
2
g 4
R
a

Number of DGPS measurement data Number of DGPS measurement data

A: Displacement from following line (left) and DGPS measurement condition (right)

s ORI Gr|
0 20 40 60 80 100 120 140 160 O 20 40 60 80 100 120 140 160

10 12
Distance [m] —>— Quality [0-2] %~
10 Satellite number [0-12] —+-
8 PDOP -
Mode [1-3] -o-
_ Bl
E s 4
[}
o
j=
[
9 4
a
2 T
0
0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Number of DGPS measurement data Number of DGPS measurement data
B: Displacement from following line (left) and DGPS measurement condition (right)
10 12
Distance [m] —>~ Quality [0-2] >
10 Satellite number [0-12] —+-
8 PDOP %-
_ Mode [1-3] -O-
E 8
6
= 6
@
a

l

o

0 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100

Number of DGPS measurement data Number of DGPS measurement data
C: Displacement from following line (left) and DGPS measurement condition (right)

Quiality; 2: DGPS fix, 1: GPS fix, 0: Not fix.

Mode; 3: 3-D position (latitude, longitude, altitude, time),
2: 2-D position (latitude, longitude, time).

31

O 2.11: Displacement and condition of each DGPS measurement data
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O 3.1: Autonomous mobile robot “Yamabic YM2000"
equipped with DGPS
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O 3.2: Measurement system for a mobile robot outdoor navigation based on DGPS and
odometry
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O 3.3: Path map and measured point by RTK-GPS
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O 3.4: Modification of a path map: a point was remeasured because its measurement
data had large error.
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0 3.5: Modification of a path map: a point position was calculated using the relation
with the adjoining anchor points because its position could not be measured by RTK-
GPS.
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O 3.6: Relation between robot position and DGPS measurement data
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Evaluation of DGPS measurement data
Modification of estimated robot position

Xgps=(X, y) - — ——

Evaluation of GPS position Modification of robot pos.

.ngs(‘) > data accuracy Ixy based on ( Ixy, lg)

Evaluation of GPS orientation

6 data accuracy  lg ’ Pi(t) Z¢ (1)
9p:

P(t) EPQ

O 3.7: Flow of robot position correction based on fusion of DGPS and odometry data
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~
Paths in which the robot had automatically run
by using DGPS and Odometry.

(Succeeded ratef Under:50/ll  Over 50%)

p
I

| | I Paths in which the robot could not automatically|
run by using DGPS and Odometry.

| Paths which are specifed on Campus Walkway

Buildings Trees

\ S

: T X | |

0O 3.8: Paths in which the authors tested the position correction method based on GPS
and odometry
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O 3.9: Walkway environment which is used for validating accuracy of the proposed
correction method
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0 3.10: Comparison of trajectory of the estimated robot posithamistrates estimated robot
position without correction. B illustrates estimated robot position modified by proposed correction method. C illustrates erroneous
DGPS measurement data which were regarded as inaccurate by the proposed collection method. D illustrates final robot position.
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0 3.12: Snapshots of autonomous outdoor navigation using DGPS and odometry
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O 4.1: Target landmarks: walls and wayside steps
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O 4.2: Navigation path and landmark map for corridor environment
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O 4.3: Measurement system for a mobile robot outdoor navigation based on LRF and
odometry
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O 4.4: Laser range finder (SICK LMS200)
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0 4.1: SICK LMS200
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0 4.5: Yamabico "YM2000” for landmark map making

1. 000000 (0 45000000000000000000000000
00 (0 4.6.A0000000000 SICKOO LRF(LMS200)0 0000 O
0000000000000000000000000000000000
0D00O000O000O00OLRFOOOOO0OOOO0OO0OO0O00O0000000
000000000000000000000000000000000
RTK-GPSO OOOOOOOO

2. 0000000000000 Ooo0bo0bOoooobobooboOoOoDbon
oobob0 RTK-GPSOOOOOOODOooOoooboooooooooooo
godoobUd LRFOOOOOO0O0OOLOOO0ODDbOODDOObDObODD



040 LRFO GPSOOOOOOOOOODOOODOOOODOOOO0ODOODO o4
OobooOo0ooooooooDbobooo (b 46.B0

3. 0000000ooooooobobooooobooboooobo GuUlioDoog
goboobooo Guibbbooboboooooboooboboooobooo
gbobodbooobooboboboobobbbobbboobooooon
0000000000000 (0 46.BO0000O00O0ODODOOOOOODO
goboobboobooooooooooogbbobooboooaonoo
gobobuoogooobboobboboboobbooobonooboa
goobboobobubibobooooobbobboooboboboooa
goooboooogo

4. GuiDOOOOoOobboOoooobooboooooobboooboooooog
O000O0O00000DOOO000bOO0o0obo0ooooOooD (D 46.CH

gbooooooobooo0oOoLlRrRFOOCODODOOODODOO0OOOOOOO00OO
gboooogoobbooouooboboboooboobobboobuobbbon
goboooooboooogog 4y chobooobooooboboooobobO
goboobobbboobobbboobobbooobboobobobon
Oboo0ooooboobbobooobDOoORrRIK-GPSOODODOODOOOOOOOODO
Ooobobooooooooooboooobobobooboooo4y.DODOODO
gboobbgboboboboobobboboo

432 U0O0OOOOOODDOO

000000000000000000000000000000000000
00000000000000000000000000000000000000
0480000000000000000000000000000O000000
00000000000000000000000000000 P(0)=(Xs,Ys6s)
0D0000000000000 RTK-GPSOOOO0000O(Xs,Ys) D RTK-GPS
0000000000000 6000000000000000000000
0 RTK-GPSO OO0 O0O0DO000 (X,Y)DDOOOOO000 (XY 0000
(arc-tangent) 0000000000000 O000000000000O00000



040 LRFO GPSOOOOOOOO0OODOOOOOODODOOOOOOOO 65

ecified landmarks
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"landnark, txt" ——
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A:Environment of landmark construction
B:3D environment structure and

specification of wall type landmark
C:Landmark map

O 4.6: Outline of landmark map making
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A: Campus plan and data recording path.
B: Trajectory estimated by odometry.
C: Robot positions and orientations are not modified.
D: Robot positions and orientations are modified.

O 4.7: Bird view of constructed 3D structure
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0O 4.8: Formulation
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O 4.9: Extension of the formulation
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dord (3D)

[0 4.12: Snapshots of constructed walkway environment 3D structure
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O 4.13: Specification of wall type landmark (position and posture)
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O 4.14: Map of navigation path and landmarks
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Vector's right is non-occupied space

e V(X0 Y1, 81

0 4.15: Relationship between two LRF measurement 8gtaS(t + 1) and detected
landmarkl’
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0 4.16: Relationship between a estimated robot pos#(, landmark detected by
LRF I’ and landmark in a malp
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O 4.17: Paths in which the authors tested the position correction method based on LRF
and odometry
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O 4.18: Trajectory of estimated robot position and landmark position detected by LRF
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0 4.19: Absolute displacement between estimated robot po$tiprand pathXpatn
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O 4.20: Autonomous run of the mobile robot based on LRF

T T
Wall type landmark ==

45000 [ + Estimated robot pos.

Path ——
40000 [ Detected landmark pos. +
35000 [
30000 [
Y[mm]

25000 [
20000 [
15000 [

10000 [

5000 [ . . . . . . \

-220000 -210000 -200000 -190000 -180000 -170000 -160000 -150000
X[mm]

O 4.21: Trajectory of estimated robot position and landmark position detected by LRF



040 LRFO GPSODOOOOOOOOOOOOOODODOOOOOOOO 88

1000 T T T
Displacement between estimated robot position and path ——
A 500[mm] ——
800
E 600
8 a
= a
b a
B 400
b
c ‘
200 [ ‘ ‘ \
L i
o Mk M N [ % W Y W Y
0 500 1000 1500 2000 2500
Number of estimated robot position
A: Graph of displacement between estimated robot position and path
90 T T T
Displacement between estimated robot angle and path ——
B 5[degree] ——
80 a
70 ,
- d
]
5 60
[}
k=2
@ 50 b’
j=2
c
< 4 n Cc
30
20 [
|
o | LR
. N
S PO N o LS

0 500 1000 1500 2000 2500
Number of estimated robot position

B: Graph of displacement between estimated robot angle and path

0 4.22: Absolute displacement between estimated robot po$tiorand pathXpatn



040 LRFO GPSOOOOOOOOOOOOODODOODOOOOOOOD 89

O 4.23: Autonomous run as the human got on the mobile robot
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