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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 2.6: Multiple planetary robers

gboboboobooboobobooboobobooboobobooboobobo
gbobobooboobooboboobooboboobooboboobobbobo
gbobbbuoogbobobooooobbbuooogboboboooobobooooonbn
000000000000000000000O0O0000D000oooOO 11jpboooo
000000 (Fig. 27 0000000000000 00O0OODOOOOOOOOOOOO
gboboboobooboobobooboooobooboobobooboobobo
OoobooobooboooboooboobooobooooooooboogocpSoboonO
gbobobooboobooboboobobooboobobooboobooobobo
gobbuooogbobbouoobbbbabuooooooboooobobooobobo
OoboobooobooobooobooooooooooboooboooocecpsonO
gboobobobon
g3bbbbougobbobuoooobbbuoooobbboooobbooooobn
000000000000 00 (Fig. 28) 0000000 CPSOOO0OODOOOOODO
gbobbuoogbbbooobbobuoobbobooobbbuooobbbuooobobo

19



)

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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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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(3) Robot 2 moves (4) Robot 3 moves
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(5) Robot 1 moves (6) Robot 2 moves

Figure 3.3: Triangle chain pattern B
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Figure 3.4: Error ellipses shown at each robot positions

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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Figure 4.1: Basic principle of CPS-II
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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

~ Childrobot1 i Child robot

T e A

Figure 4.2: Total view of the mechanical model CPS-II.
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R(A) = ZO (di = d)(diya — d) (4.1)
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_L¥ (4.2)
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Laser range finder

Figure 4.3: The parent robot of CPS-II.

Corner cubes Wireless modem

'S

Figure 4.4: The child robot of CPS-II.
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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.]
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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.

gbobobooobobboooobo
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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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Figure 5.2: Child robot of CPS-111
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Figure 5.3: Simulation model.
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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 8=

/ \‘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

00000000 y000000000/000000000000000000 »nO0O
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

Ooopooocps-lIooooooooooooooooooooooobooooboobooo
OooobobooocpSOO0O00ODOODUODODOOOODODODO Fig. 590000
goboboooobbbuoooobbbooobobbboooobobbog

Parent robot

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.

gobbbouoogobobb loodobbbuooobbbboooodb s mmdnbooOn0n
Os500000000000 Tableb. 7000000000000 0O00O0O0OOODO0O
0000 CO0 42m0I0000000000000 288mm(00000 0.07%) 0000
Oo000O00Oo0U0DOOo00bOOoOoU0oDoOo0UoobDoOogooD Aconoooooo
OobobODbOobooboobobooboboooobobobobooboboooboooDo
gooboogn

5.5 0O 0OO

ooboooooo ccpSOobooooobboboobooboooooboboobooDboog
o000 CPS-IIIODO0O0OD0ODO0D0O0D0ODOODOODOODOODODOOOO CPS-IITIOO
ggbobboobobboooogbbbbbdooooooboboobooouogsgoobboon
gobobooobobbooobboooobboooobbbooobobbooooobbo
gbobbuoogbboooobboooobbooobobbooobbbuooooobobo

66



..l1 ;

Child robot 2

LLi [

- Childrobot 1

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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(1) Robot is approaching wall (2) collides with wall
A 8 -
(1
(3) makes aleft turn (4) startswall following

Figure 6.3: Basic principle of wall following behavior
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(1) Robot is approaching (2) collides and makes a left 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
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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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Table 6.1: Errors of the obtained environmental map

Average 30.8 [mm]

Maximum | 178.0 [mm]
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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-I1T and ACRO-V.
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Figure 6.16: ACRO-V (Automatic Cleaning RObot using the Vuton architecture)

gbobbooboobooboboobobboboobobbobooboobobo
0000000000000000000000000000 [18]00000Fig. 6.170
gobbooooobboooobbobbooobobobbooobbobbooobb4n
gbobboogobbbooobboooobbooobobobboobbbuooobobo
gobbooobobbooobboooobboooobobboobobbooooboobobo
gobbuoogbbbuooobbbuooobbooobobbooobobobuooobobobo
gobbooogobbooooobobooobbbuooooooobobobuoooobo
gobbooooobbtooooobbbooooboon
goobbbiboooobbbbbbiboooobobbboooobbboooganb
0000 (PCI586HV, Pentium 200MHz, 000000000 O0)D000000OO0OO
000000 (808-8MHz)UDCO OO (2444BL1 x 4,0 00000) 00000000
(BLD453,0 0000 (0)0) 0000000 00ooooooooooo
O000O0OD0O0 ACRO-VOOUOUOUOOUOOOODOFig. 6.18000000D00O000O0OO
Y, 0000000000 ACRO-VOOOOOO P(x,y) D000 ¢000O00OOACRO-V

82



Freeroller unit

Frame

Crawlers Motors

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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vo = Vcos(f— o)+ %Q (6.1)
vy = Vsin(0 — ¢) + %Q (6.2)
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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