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Figure 2.1: Positioning principle of type 1
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Figure 2.2: Positioning principle of type 2
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Figure 2.7: Multiple planetary rovers “Gunryu’

Figure 2.8: Exploration in a cave
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Figure 2.9: Construction of the sensor system.
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Table 2.1: Specifications of the system.

Size 610x 470 x 390 [mm]
(for each robot)
Weight 15 [kg]
(for each robot)
CPUs SPARCx2
Range finder DME 2000

(ZICK optic electronic)
MODE 1:

range ~ 2047 [mm]
resolution 1 [mm]
precision +5 [mm]
MODE 2:

range ~ 131.071 [m]
resolution 1 [mm]
precision £13 [mm]

Cylindrical laser

AIM-88LI (LEONIX)
Ap 690 [nm]
power 16.0 [mW]

Photo sensor

TPS607A (TOSHIBA)
Ap 720 [nm]
Tr 600 ~ 3600 [A]
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(1) Robot 3 moves (2) Robot 1 measures 64, ¢4
3 3
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& & !
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(3) Robot 2 measures 6, ¢, (4) The position of robot 3is

estimated, and robot 1 moves.

Figure 2.12: Basic movement of CPS-I
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Figure 2.13: An example of experimental results.
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Figure 3.1: Example of position calculation for CPS-I.
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Figure 3.2: Triangle chain pattern A
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(2) Initia position (2) Robot 1 moves
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(5) Robot 1 moves (6) Robot 2 moves

Figure 3.3: Triangle chain pattern B
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Table 3.1: Minimum error variance for each triangle chains

0 [deg.] | Tr(S) [m’]
Chain pattern A 45.2 0.947
Chain pattern B 37.6 0.994
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Table 4.1: Specifications of a range finder.
AP-L1 (TOPCON Ltd.)

Range 4 ~ 400 [m
Resolution (distance) 2 [mm

Precision (distance) | +£3+2ppm [mm

]
]
Resolution (angle) 5]
]
]

Precision (angle) +5 7

(_:hild robotl
Figure 4.2: Total view of the mechanical model CPS-II.
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Laser range finder

Figure 4.3: The parent robot of CPS-II.
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Figure 4.4: The child robot of CPS-II.

0000000 RA)DA=0000 R0O)DIDDOOO Fig. 470000000000
gbooooboobooboon

(4.3)

R(A) (1 A=0
____{0 A#0

O000O0OFg 4700000000000 O0DOOOOOODOOODODOOODODOOO
OOooooooooobuoooDbOdn Fig. 4800000000000 0O00O0OOOOOOO
Table 420000000 (=4/R(0) 0000000000000 0OOOOODOO

Oobooobooooboobboooogcepsliboobooboobbooooog
obooboon

l.oboboobooboobbOobbOobOn

2. 00b000b00bobobobbobbobbooboobOo0oboobo

40



1.2

Error variance [mm?]
o o o
~ o @

o
N

0 10 20 30 40 50 60
Distance [m]

0

Figure 4.5: Distance measurement errors

Table 4.2: Averages and standard deviations of the laser range finder

Average Standard deviation
Distance 60803.96 [mm] 0.23 [mm]
Azimuth angle 4.95 [deg.] 6.39 [sec.]
Elevation angle | 90.10 [deg.] 3.12 [sec.]

4.3 U0O0OOOOOOO0OO

00000 [146),[148) 0000000000000 000 CPSOOOOOOOOOO
00000000000 00000000000000000000000000000
000000000000 0000000000000000000000000000
0000000000000000000000000000000000000000
000000000000 000000000000000 »n000000000000
00O0@)00000000000000000000000000000000000
000000 39000 ADLODOO0OOOOOO0O000000OR 0000000
00000000 3000000000000CPS-IID0000000000000N0O
00000000000 00000000000000000

Fig. 4.9000040000000,1,230000 CPSO00O000OO0 000000
000030000001,23000000000000000000000000000
00000000000000000000,1,2000030000000 Py(zo, Yo, 2000),

41



Pl(Il,yl,Zl,Hl), PQ(.’L‘Q,?/Q,ZQ,QQ)D PQ(I‘g,yg,Zg,gg)D goooopoooouonooo 1,2,3 O
00000 7,79,m00000 é1,¢0, 00000 ¢y,1,¢, 000000000000

(o —551)2-1- (vo —yl)2 = 7"% cos” (2
(g — 552)2 + (yo — y2)2 = 7"% cos” (1
(g — 553)2 + (yo — y3)2 = 7”% cos” 13 (4.6)

Z0 = 21— I sinwl
Z1 — To sin ’Q/}Q

= 21 —7T3 sin ’Q/}g

1 Y1 — Yo

0p = —¢ +tan (4.10)
1 — 2o

= —gy+tan ' 2N (4.11)
T2 — Zo

= —¢5+tan !t 2N (4.12)
T3 — T

0900000000000 00000000O0O0O0000 (x,y0,20)000 60400
OoboOoooboobooboobobdd =2 +dx, 0O0000TaylorODOO OO0

T; — o Yi — Yo
- dr — dy =
o g Y
(772 COS @Zz — dz) — i d_ il d!L‘Z — Yi ; Yo dyz -+ cos @szrz - 772 sin @sz@bz (413)
dz = (2,7, — 772 sin ’Q/;Z - ZN()) + dZZ — sin @ZZdT - 772 COS @sz’g/}z (414)
Gi— o, di—
7 dxr — 7 dy — dfy =
c 1 Ui— Yo\ | Yi— Yo Ti — T
(¢; + 0o — tan 112__1%)-+ 7 dmi————gg——dyi+-d¢i (4.15)

000 d; = /(3 —20)2+ (% —%)? 0i=1~3000000000000000000
0002000000000000000

it e U

Dodn ko)

fazfo Wb ()

0 0 1 0

A= 0 0 10 (4.16)

0 0 1 0

Zhd_{yb _ fl;{fo 0 —1

yzd_%yo _ l’zd—gl‘o 0 _ 1

y3;§)?/0 _ I3Jg)$0 0 _ 1



7’~1 COS 1,51 — d1
7:2 COS ’(7/;2 — dg
773 COS 1,53 — d3
2/71 — 7“~1 sin 1,51 — ZNO
L= Z~2 — 7”~2 sin '(/;2 — ZNO (417)
2/73 — 7“~3 sin 1,53 — ZNO
G+ tant ot

¢3+90—tan’1%
—fzh G () 0 0 0 0 0 0 00
0 0 00 —&f 2 g0 0 00
0 0 00 0 0 00 —fgfh _#Hzh ( Q
0 0 10 0 0O 00 0 0 00
K, = 0 0O 00 0 0 10 0 0 00
0 0O 00 0 0O 00 0 0 10
y;yo —fld}fooo 0 0 0 0 0 0 00
0 0 00 BzR -8R 00 0 0 00
0 0 00 0 0 0 0 @f?’d—g@fo —90”3;;000
(4.18)
cos 1/;1 0 —rysin 1/;1
cos @EQ 0 —7rysin @EQ
cos 1/;3 0 —r3sin 1/;3
—sin g/jl 0 —rjcos @El
Ky,=| —singy 0 —r5costhy (4.19)
—sin 153 0 —r3cos 1/;3
0 1 0
0 1 0
0 1 0
ODO00000 (4.13),(4.14),(4.15) O
AX =L+ KX, 53+ Ky(dr do dy) (4.20)
00o0o0ooooooon
X = (dwg dyo dzy dfy)” (4.21)
X923 = (dzy dyy dzy dby dzy dys dze dfy dxs dys dzs dfs)" (4.22)

000000000000000LO00000000000000 (42000000000
00
¥, =K XK' + K, 3, KT (4.23)

ooooodoooog 3,0
%, = diag(o} o} o)) (4.24)

43



good
0000 (420000000 XOOOOOOOOOO AQDODODO0DOOoOOOoOoooOO 30
gboobooboobooboobooboob

V=L-AX (4.25)
000000 X;'000000000000000000
min VIV (4.26)

000000 XO0O0000000000 (426000 (4.23),(4.25) 0000 X00000
00002000000000000000000 X0

X = (ATS'A)TATST'L
= BL (4.27)

gboobon
00000000000 00000000000000 (4.27)00

Y =BE;B" = (AT®'A)! (4.28)
D0000000000000,100000 0200000000
(201, 202) = BKE (429)

good
gboobuod.0boobboobgoobooboobobobboobooobon
oboooooboobod

x; = X+ T;COSP;Ccosyy; (4.30)
Yi = Yo+ 1ising;cosy; (4.31)
Zi = Zo+T sin ¢z (432)

00000z =%+dr; 0000 Taylor 000000

dx; = dxy + cos &l cos @idri — 7; 8in qu COS 1/;id¢i — T, COS qu sin @idwi

i + 7 COS i cos Uy — T (4.33)

dy; = dyg + sin qNSZ coS @Zidri + 7; cos qNSZ coS &id@ — 7;8in dN), sin &idwi
“+ijo + 7 sin ¢; cos Py — G (4.34)
dz; = dzy + sin &idﬁ' + 75 COS 'ind@bi + Zp + 7; sin 1/;, - Z; (4.35)

gbooboobooboobb.0bb0obbobooboobooboobo

X; =L (4.36)

44



Y = B+ KX, KT (4.37)

207,' — 200 (438)
doodooooooon
coS qNSZ coS 1/;, —7; sin d;z coS @ZZ —T; COS dN), sin 1/;,
K= | sin¢g;cosv; 7;cos¢;costy; —7;sin¢;sin; (4.39)
sin v; 0 T COS 1;

:io-l-ficosq;icos@—fi
L= o+ 7sind;cost; — G (4.40)
Zo + 7isin; — %
ooood
JddddoooooooDoo0ooOoooocpSOO0d000OoOoOooooooDooOn
O0000000000000000000000000000000000 (4.28),(4.29)
4374380 0000000000000 00000000000000O0OOOOOOOO
O0000000000000000000000000000000O0O0O0O0O0 (148
O000000000000000 (44)~(412) 00000000000 O00OO0O0O0OODOO
goooono

44 0OO00O0OOOOOODOOODOOO

OooooocpSs-Iogooooooo0oooooOooobOolobo0ooooDo 20
gboobooboobuoobboobobbob 1bobobooboobOoobooon
gbobooboooooouoboboboobooboboobobsbobooooboon
00000000000 (bm x 12m) 0000000CPSO0O0OO0O0OOOOOOOOO
gbobbooboobobbobooboobobboboobobbobooboon
goobbobooboobbobooboobuobbobooboobooboboobooon
OO000bO0bOobO0od Fig. 4100000000D00DO0OO0OO0OOOOODODODO
gbooboboboobooboobobobobbobbobbobboyoobOoob
O0O0O0OO0OFig. 410000000000 11ODO0000000O00OO0O0DOOODODO
OoooOoo0oooboo0ooooooboobo00b0Dxyz, 0002000000060
OO000000 Table4.3 0000 0O0O0O0O0O0O0OO0O0OOOO0ODOO 21mO000z
000 (0000)0000000000000000 59.2mm(00000 0.28% )000
oooooo2rooboon

gbbooobbooboobboobbd4rs2000000000000000000O0
gbobooboobobbobooboobobooboobobobobooboon
O000000000000000 14% 0000000 CPSOO000O0OO0OOOODOOO
OO00oO0oobOoO0bOoOO0obOoO0obbOO0bOb0OFg 41000000000 0O0DDOODO
gboboobooboobbobooboobobbobooboobobbobooon
0000000 10%000000000000000000

45



Table 4.3: Positioning and attitude accuracy of CPS-II after robot 0 moves with the
distance of 21.5m

Ax | Ay | Az | Average Af
40.9 | 12.6 | 36.9 || 59.2 mm 0.27 degree
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Table 4.4: Positioning and attitude accuracy of CPS-II with 3 and 4 robots for the motion
of Fig. 4.12. Positioning error ratios are also shown.

Position Attitude
3 robots 67.9mm (0.32%) | 0.43 deg.
4 robots
Proposed method | 26.3mm(0.12%) | 0.32 deg.
4 robots
Arithmetic means | 53.0mm(0.25%) | 0.83 deg.

gbobobooobobooboooobo
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Figure 4.9: Example of position calculation.
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Figure 4.10: An example of the experimental results with 3 robots.
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Figure 4.11: Example of measurement experiments.
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Figure 4.12: An example of the experimental results with 4 robots.
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Figure 4.13: Moving strategy in each measurement cycle.
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Table 5.1: Optimum robots configurations.

ri[m] | ro[m] | ¢1[deg.] | doldeg.] | o2 + 03
A | 80.3| 80.3 3.0 176.1 | 0.0203
B | 528.2 | 518.0 53.1 126.3 | 0.0218
C| 72.71106.2 89.6 -90.5 | 0.0207

s ="

/ \‘fﬁ% 55[deg.]

@

Optimum moving configuration A Optimum moving configuration B

-ﬁ;’ \ &%
\g\kﬂ?

Optimum moving configuration C

Figure 5.4: Optimum moving configurations.
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Table 5.2: Optimum robots configurations in case that two moving patterns are repeated.

ri[m] | ro[m] | ¢i[deg.] | do[deg.] | oF + 0}

A—A| 806| 776 -2.3 171.3 | 0.0204
74.1 | 82.2 161.3 347.3
A—-B| 77.1| 80.7 9.9 183.4 | 0.0210

514.1 | 5244 126.4 93.0
C—C|106.8| 73.2 270.2 90.2 | 0.0207
72.0 | 105.1 89.5 269.3
C—A| 7321068 89.6 -90.5 | 0.0205
80.9 | 788 -0.8 172.5
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Figure 5.5: Definition of moving parameters
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Figure 5.6: Values of error variances for optimum moving strategies A and B

Table 5.3: Optimum configurations of moving strategies A and B.

dm] | hlm] o2 oy | oito,

A 788 | 4.4 |0.0200 | 0.0004 | 0.0204
B | 311.8 | 420.0 | 0.0202 | 0.0013 | 0.0216

00000000y 000000000/000000000000000000 »nO0
00000000000000000

000 (A.18),(A.19)000000000000000 r,7»,0000000000000
D000n=1000000000000000 (Tr(2)=02,+02,) 0000000 Fig
57000000 Fig5.7000000000000000000000 ry,7,0 Table
540000

Table 5.4: Optimum configurations of moving strategie C.

rifm] | ro[m] | o2 or | oatol

C | 63.2 | 90.8 | 0.0198 | 0.0009 | 0.0207
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Figure 5.7: Values of error variances for optimum moving strategy C
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Figure 5.8: Variation of positioning error of basic moving strategies A,B, and C.
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5.4.1 JOOOOOOOOOO
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Figure 5.9: Experiment of log distance measurement.
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Table 5.5: Experimental results of long ditance movements on even surfaces

Distance of Error
movement Position Attitude
277.1 [m] | 450.7 [mm] (0.16 %) | 0.12 [deg.]
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Figure 5.10: Experiments of long distance movements on even surfaces
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Figure 5.11: Experiments of long distance movements on uneven surfaces
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Table 5.6: Experimental results of long ditance movements on uneven surfaces

Distance of Error

movement Position Attitude
323.9 [m] | 976.3 [mm] (0.30 %) | 0.40 [deg.]
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Figure 5.12: Moving strategie D for experiments.
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Figure 5.13: Experiments for optimum moving strategies

Table 5.7: Positioning accuracy for optimam moving strategies.

experiment theory
\/ag +o2[mm] | o [deg.] \/ag +o2[mm] | oy [deg.]
A 66.5 0.401 22.9 0.054
C 39.4 0.080 9.8 0.005
D 183.9 1.220 100.6 0.260
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Child robot with active
touch mechanism

(b) Parent robot moves and measures its position

(c) Enviromental map is created by active touch

Figure 6.1: Concept of map creation by CPS based active touch
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Figure 6.2: Active touch mechanism
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(3) makes aleft turn (4) startswall following

Figure 6.3: Basic principle of wall following behavior

73



- ¥

(1) Robot is approaching (2) collides and makes aleft turn
concave corner
(3) begins tracking another wall (4) continues along wall

Figure 6.4: Passing concave corner

(1) Robot is approaching (2) link catches on corner
convex corner ﬁ
@@ @E/////////////
(3) rotates toward wall (4) starts to move along second wall

Figure 6.5: Passing convex corner
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(1) Robot is approaching a dead (2) collides and makes left turn
end
@ @
(3) continues to rotate (4) escapes from a dead end

Figure 6.6: Escape from dead end

Long link

Figure 6.7: Child robot with active touch mechanism
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Figure 6.8: Experiment of wall-following motion
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Figure 6.9: Environment for experiments

gboobooboobgoobooboobobbobbobbboobooboo1n
0oooooboobbbuoooooobobobbbooooobbobobbooooog
oooooooboocccboobooooouoobooboboboboooooooooon
gbobbobooboobobboboobobbobooboobobooboon
gobbuoogbobbuooobbbuoobobbbuooobbboooobbbooobbo
gbooooboobooboobgoobobobobboboobon

Table 6.1: Errors of the obtained environmental map

Average 30.8 [mm]

Maximum | 178.0 [mm]
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Figure 6.10: Desired paths for wall-following robot
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Child robot with active
touch mechanism

Figure 6.11: Experiment of map creation
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Figure 6.12: Paths of wall-following robot and parent robot measured by CPS
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Figure 6.13: Moving paths of parent and child robots
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Figure 6.14: Acquired contour of rooms
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Figure 6.15: Total view of the automatic cleaning robot system with CPS-ITT and ACRO-V.
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Figure 6.16: ACRO-V (Automatic Cleaning RObot using the Vuton architecture)
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Figure 6.17: Omni-directional mobile robot, Vuton [18].
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Figure 6.18: Coordinates of vuton for the analysis.
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vg = —Vcos(d — o)+ %Q (6.3)
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vy = —Vsin(f —¢) + %Q (6.4)
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Figure 6.19: System for auto-detection and tracking of corner cubes.

Table 6.2: Specifications of the auto-detection and tracking system.

Range pitch | =+ 25 [deg.]
yaw | =+ 100 [deg.

]
Maximum velocity | pitch | + 50 [deg./s]
yaw | + 80 [deg./s]
]
]

Resolution pitch 0.08 [deg.
yaw 0.11 [deg.
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Figure 6.20: Total view of auto-detection and tracking system.
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Figure 6.21: Direction toward a corner cube.
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