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Figure 2.1: Positioning principle of type 1

— (9 — 1) tan fy tan Oy + y; tan 6y — yo tan by

_ 2.5
Y3 tan 91 — tan 92 ( )

e — o+ (i tan

23 = 21+
s ! cos By (tan 0 — tan 6,

tan 0

- — 1) — )%t 2.
Z2+C0S92(tan91—tan92)\/(x2 21)% + (Y2 — y1)? tan ¢ (2.6)

gobobbooooobobi1ibbbbouooobobobooooooob 2030000040
gboboboooooboboogo

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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Table 2.1: Specifications of the system.

Size 610% 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]
I 600 ~ 3600 [uA]

4. O0O0O0O ]_,2|:||:||:| (Il,yl,zl),(Ig,yg,Zg)DDDDDDDD 91,92,¢1,¢2DDDDD

(2.4),(2.5),(2.6) 000000 3000 (23,93,23) 000000
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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 3.2: Triangle chain pattern A
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Figure 3.3: Triangle chain pattern B
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Table 3.1: Minimum error variance for each triangle chains

0 [deg.] | Tx (%) [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) 0.2 [mm]
Resolution (angle) 5[7]

Precision (distance) | £3+2ppm [mm]

Precision (angle) +5 7]

e
~ Childrobot1 ~ Child robot 2

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.
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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
409 | 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.
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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 4.12: An example of the experimental results with 4 robots.
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Table 5.1: Optimum robots configurations.

rifm] | ro(m] | ¢1ldeg.] | ¢2]deg.] U?NLU;
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B | 528.2 | 518.0 53.1 126.3 | 0.0218
C| 72.7]106.2 89.6 -90.5 | 0.0207
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‘f—*’m" d':;" g
Optimum moving configuration A Optimum moving configuration B
ﬂ\i\ﬁ"
N\"ﬂg\

Optimum moving configuration C

Figure 5.4: Optimum moving configurations.

O02000000000000000000D0O00O000O0r,7m9,01,0. 000000000
O20000000000Newton0D 0D 0O0O00DO0O0ODOODOODOO0OOODODOODOO
OO00bO02000000000000D0000000 Tables.200000O000Og?2
O00000O0O0O000DOO0O000DOFig. 54000000000000 AB,COO
OOoO0O00oO000O0oO0bOo00oOOoO0boboO0ooboboo0ooDoooboboOoOoOoDoo ABC
gobobboooobobooooobbbbooooobbboooobooooo 3bo
gbobobboooggbboboooobobbbobuooobbbooooobobooo
goboobobooodon

5.3 UUOUOOOboboboboboboboboobd

020000000000000000000000D0000000000O0O0O (4.30),(4.31)
gbobboboogooobobobbbooooobbboooooboboooobooon
gobobbdoogobobooooobbobobuoooobobobbooooobobooo
0000 ABCOODO (4.20000000000000000000O00O00OODOOOOO
gobobooooobobbooooobbbuooooboboboobbooooooboobo
OABCOODOOOOOODOOOOOOODOOOODOOOOOODOOODOOOODO

o8



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

rilm] | ra[m] | dildeg.] | doldeg] | oF + o}

A—A| 806| 77.6 -2.3 171.3 | 0.0204
74.1 | 822 161.3 347.3
A—-B| 77.1] 80.7 9.9 183.4 | 0.0210

514.1 | 524.4 126.4 53.0
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 | 78.8 -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,

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

OOooooobdyOOoooooboob/0o0ob0ooobooobobobooooo OO

00000000000000000

000 (A18),(A.19)000000000000000 r,r»0000000000000
0000 x2=1000000000000000 (Tr(8) =02, +02,) 0000000 Fig
57000000 Fig 5.7000000000000000000000 ry,r, 0 Table

540000

Table 5.4: Optimum configurations of moving strategie C.

rim] | ra[m] | o2 o, | oatoy

C | 63.2 | 90.8 | 0.0198 | 0.0009 | 0.0207

5.3.2 UJUUObbooooboobouooond

000000000000000000000000000000000000000
0000000000CPS-NIOOO0OO0O000000000000000000

000000000 ABOOOOOOA=00000 ¢=0[deg]00000d=rO00
0 ¢=45[deg 00000000000 (A.9),(A10),(A.13)00000/0000000n

60



0.023
OAOZL

0.021

0.0207 >0.03

// C (r,=63.2, r,=90.8)
0 100 200 300 400 500
ro[m]

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 O00O0O0O0ODOOOOOO
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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.
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Figure 5.13: Experiments for optimum moving strategies

Table 5.7: Positioning accuracy for optimam moving strategies.

experiment theory
\/0'3 +o2[mm] | o [deg.] \/a:% +o2[mm] | o [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
* -
([
(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 aong 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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Path measurd by dead reckoning
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Figure 6.8: Experiment of wall-following motion
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Figure 6.9: Environment for experiments
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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 6.10: Desired paths for wall-following robot
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Child robot with active
touch mechanism
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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 6.16: 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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vo = Vcos(f— o)+ 59 (6.1)
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vs = —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]

vaw | £ 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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oooooo4300000 2, =4,+dx, 000000 (6.8)0(6.11) 0000000

oood
AdX, 11 =L+ K,dX,, + K;dX, + K,dV

ddoooodoood
dX, = (dzy,dy,,dé,)"
dX; = (day,dy;,dé;)"
dV = (dUO, d'l)l, dUQ, d'l)g, ddj)T

Tp + P52 €08 P T — AR SIn G, T — Ty

y~n + UO;UQ Sin ¢nT + Ulgv?’ COs ¢nT - yn~+1

- G+ ki g,
tan~! %:Z/Tgll — Y = Pyt
1 0 0
A = 0 1 0
0 0 1
_ Y —Yn+1 mlfégn-#-l 1

d2

d = \/(fl - xn~+1)2 + (?Jl - yn~+1)2

86

(6.12)

(6.13)
(6.14)
(6.15)

(6.16)

(6.17)

(6.18)



10 ——”~°;”~2 sin qSNnT — —751;753 cos qSNnT
0 1 Y%2(pg anT — Ui=W3 gin ¢~n7'
K, = 2 2 6.19
00 0
0 0 0
0 0 0
K = 6.20
! 0 0 0 (6.20)
_ i *527;4—1 T *:;nq—l 0
cos2 ¢~n ro— sin2¢~n T costh;n . sm2¢~n . 0
% _ sin2Qn T cos2 Pn T o sin;bn - cos2¢>n T 0
517 3L 3L 3L 0
0 0 0 0 -1
(6.21)

O00000000000000 Xpy1 = (Tny,¥ne1,0n) 000000000000 OOO

X1 = (ATEr:JlrlA)TATEr:}rlL (6.22)

ooo
Spi1 = KE K] + KIS K+ K.5, K] (6.23)

0000%,0000000000000000000O 430)00000000OO0O0O0O0O0
obobooooooobo¥,0bo0bbobobobbobbobbobbobbobbobbo

6.25 0OUOOOOOOO

oooocpSObbooboboobOoobobooboooobobooooboooDobooboOoD
gobobbooooobobooooboboobooooobobbooobbboooon
Oo0O0O00O00DOOoO0OOo00DooUoboboOoOoDo  ecpSOObDOOO ACRO-VOOO
0000000000 D0DbO00O0o0bO0bO0ODbD ACRO-VODODOODODOODOOO
OO0O000DOO0O000DoOoO0obooOoOoOoooDD ACRO-VODOOOOOOOD
oomdgdoboobobooggobooboooooboboooon

OO0 CPSOOD0OOD0OODOODOODO ACRO-VODOOOODOODODODODODODODOD
000000000000000 Fig. 6.22(a)00000000000000O0O0OO0O0O
gbobobboood203mdbnobooooonon

OO0 cCcpS-lII0dfoOoOoO0O0oOooOobOOoO0oOoDooOoOoooooOoOoon ACRO-V
OO00O0DOO0bO0bOOoboooboooooc eps-lIcobooooDoOoboOobOoboboon
O000CPSIIIOOOOO 40000 CPSIIIDD0OO0OOOOOOOOOOOOO
OO00000O000000O0b00O0DbO00bO00DO0b0OFig. 54000000000DO
ABCOOODOOOOOOOOODOOOOOOODOOUOOODOOOUOOOODbDDODOO
oobooobooboooooobooocooooobooooooboboboooboooboog
OO0000COO0D0O00DOO0O0DOO0obODoO ACRO-VODOCPSIIIO 2000000000
0000000000000 00(@O0001)00000000 (6.22),(6.23) 0000

87



gobobbogooboboooobbobooooobobbooooobobboooooon
OOoboobooboobobooooboobooboooooooooooocepsImoooon
00000000 3SmmO50000ACRO-VOOODOOOOO 14mm/s(=10mm/0 00
O0000000o070) 000000000 S00000

Fig. 6.22(b)J 000000 ACRO-VOOOOODOO Fig. 6.230 CPS-IIIO OO0
O00O000OFig. 6.22(b)0020000000000000000000O ACRO-VOO
00000 100o0o00ooo0o0oooooDOobDOobO0UoODOOnODbD ACRO-VOO
gobobbooooobobooobobboooobobboooooboboouoooobo
gbobbbooogobbobooooobbbooobbuooooob1ooooobbo
gobobboobooooobobboooobbboooobobobbooooobobobobobon
00000000 ACRO-VOOOODOOOOODOO 101.7mO000 140.8mm (O 0O 0O
00 0.14%)0CPS-IIID 0000000000000 1484mmOI0 000

Final position

Desired path

36m

Measured path

into the wall

/ i/ ACRO-V crashed

Initial position

(a) Dead reckoning (b) Dead reckoning and
isused. observations of the
CPS rabots are used.

Figure 6.22: Path of ACRO-V with and without CPS.

88



Child 1
Parent
Child 2

1st

5th 6th 7th 8th

Figure 6.23: Path of the CPS robots.

6.2.6 0UOOUOO

O0000000000000O0O0000OOOOO0OO0O0OoooOooOO (CcPS)DobOOO
Ooboobooooboooboooobooobo cpSOOooboobooOobooooooonDn
gooboooboboooobbooooobooobbboooobbbboooon
gobobooooobobboooobobbooooobbboooobbobboooon
gbobbooodgobbboobbbuooobbbooooobbboobboooobbn
gobobboogobobooooobbbboooobboooobobobobuooobobo
OooooobobooboboboboooocpSoObobboooobooooooooboon
gbobooggoobbodgbobuoobobuooobuooobuooobooobooobbooa
gbobobobooooobboboooobobbbooobobboobboboboodgobboo
gobooo

ooocpSOOU0bDOO0bDOoOboDOooboOoboOoobOoobDOooboDOoboboobDOobooboOD

89



OO0000O0DO00O00O00ob0O00oO0bOobOOobOOoUobOUOobOOobDOobDOoDOoDOoocePsS
gbobboooobobbbuooooooobobbooobbboooobobooboboo
gbobbbooogobbobbuooogbbbbuoooobbbooooobobobn
OO0O000b0o0oO00ooO0oboob0oooooOoboobDooOoboOoocecpSOODO
OobooobooooooboooocpSOoooooooboooooooooooboog
gbobogoobboboooobbobboooobbuoooobbobbooooobooboon
gboboboooggbobobbbbodoooobuoooobbbogooobobooo
gobobboooobobooooobobbobboooobobbooooobooobobo
O00000000000000000000 0.4%00000000000000000
gooboboooobbbuooodobobbooooboboooooobooo

90



070 OO

gobobbooooobooood

1. 000000oooooooooooooonoooooonoooooooooon
O0000D000D00D00D0000ODOOCooperative Positioning System, CPSO O
Jooooooodooooooooooonooooooooooooooon
doobooooooooooooooooobooonooooooooooooonod
0oooobooooooooooooooog

2.000000000000Cooperative Positioning System, CPSOOOODOOOOONO
000000000000 DOO0ODOOobO ceSODDODODDODDODDODDOO
O000O0DO0OOoCPSOO00ODOOOODODODODOODOODDOODOCPSOOOO
OcCpS-IDO00O00O0OOO0ODOO0ODOOO

3. 000000000O0O0O0OO Cooperative Positioning System, CPSOOOOOOOONO
OO000000000D0O0000DO0DOO00o0oobO0oooobOOoooooooog
000000000000 0D0000000000bO0bO0bOOo0O00O0n

4. 0000000000 0ODO Cooperative Positioning System, CPSOOOOOOOONO
OO000000000o00o0oooooooooooooooooooo1oog
0000000000000 0000DODO00DO0oDO0oDOO00ODOOoDOooOoOOoDOg
0000000000000 0000DO0DO0O0DOO00DO00ooOOoooDOoDOoOon
O000000O0ooOcpSOODODOO CpS-IIO0OD0DOO0ODODOODODOOOO
OO00D0DOO00OO00ooood

5. 000000 0O0ODOO0ONO Cooperative Positioning System, CPSOOOOOOOONO
OO000000000D0O00O0D0D0o000d0oDOoooooooooooooog
OOoOooOoCcpS-llIoDOooooooo cps-lIIocoooobobooooooooon
O0000000000DO00O0D00000DbO0ODO0DO0O0O0O0bOOOOO CPS-III
O00000000000000O000O00DODODOO000O000O00O00DO0000
ooooo

6. 000000 DO0ODOODOOCooperative Positioning System, CPSOOO0OOOOOO
O0000DOO0O0OoCPSODO0ODOODODODODOOODODOODOODOOCPSO
O00000ob0ooobobOoobobo 2b0000bobooooocecpSOooooooon
OO0oO0oOoooooooood

91






0O 0OA 0O0000O00o0oooodo
U 0ooa

Al OO0OOOOABOOOOOO

Os50300000000000ABOODOD0DODODO0DOD0OODO0OOOOOOOOOOGOg
DDDDDDDDD(x,y)DDDDDDDDDDDDDD(x+d,y—|—h)D(x—d,y—|—h)D
0000000000000 /0o0d0ooooobooOooooobooOn0oOooOon
ogoodoo

O-;%,n Pxyn  Pzon

¥, = Pzy,n U;,n Pyb,n (Al)

Pzon  Pyon O'g,n
DDDDDD(3.14)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gdddouodooboouououounouououououououooa

, | 2DALE— 12, 12

2
0'1.71 = TL%O’T + 50’¢ (A2)
o2 = d*(c? — L%ai)(af — L%ai) + Kazai (A3)
Y 2d2{L3 (o2 — L%O’i) + L3(02 — L%aé)} + Kaé
h2L3 + (h+1)%L?
2 _ 2 1 2 2
Op1 = P o, +o, (A.4)
2hLE+1d* , 1
Pzl = W“r ~ 5% (A.5)
oo0o0oad
L% = d*+h? (A.6)
Ly = &+ (h+1)?
K = 2(Li+L3)LiL; (A.8)
00000 (3.14)0000n0000000000000
O-:%,n = O-:%,l + O-:%,n—l + l2o-g,n—1 - 2lp1'9,n—1
2n — 1)(n — 1)I?
— nai’l + n(2n é(n ) 02’1 —n(n—1)lpsq
(A.9)

93



2 _ 2 2 _ ., 2
Opn = Oy1+0,, 1 =n0,, (A.10)

y,n
Ug,n = ‘73,1 + Ug,nq = nUgJ (A.11)
Pz = Pz0,1 T Pron-1 — lo.g,nfl
n(n — 1)l
= P20, — %03,1 (A.12)
pygyn = pxy,n _= O (A13)

gooo

A2 OJO0OOOOcCOooooo

OOoo0obo0ocOob0oboooob0obOoboUobooboobooobooobooboboo
ooooboobooo 0000000000000 y0O0DLO0ODOOOOO(OOOOD
000000000000 n00000000000O0O0OODOOOO (314000000
gbooodgbbooobboobooobooobobobboobboobbobonbboo
gbogoobobuooooobobogg

l? 2 2\ 2l . 4 2 9
ol = (rf +713) rira(ry — r2) + 4rir; o2 (A14)
7 (r1 + 12)?
Oy =0} (A.15)
22 4+ 1(ry — r2) + 13 + 3}
2 o 1 2 2 A]_6
09,1 (11 + 12)2 O¢ ( )
(r? —r3) — 2rira(ry — ro) — 4lryrs 9
w61 = A7
Pzo,1 (7“1 n 7“2)2 py ( )

00000 3.14)0000n000000000000OO

Ui,n = ‘7:%,1 + Ug,nq + l2a§’n71 — 2l pron—1
n(2n —1)(n — 1)1?
= nail + ( é( ) ‘73,1 —n(n — 1)lpgoq
(A.18)
Opn = Opy+ 0y, 4 =no; (A.19)
Tpn = Of1+04uy =n0g, (A.20)
Pxon = Pzt Pzon—1 — lo.g,n_l
n(n — 1)I

= gy - M (A.21)
Pyon = Pxyn — 0 (A22)

gooo

94



O OB 000000000

gobogoobbobooooobobboobobooooobbbuoooooboboboon
gbobbuoogbbbodoooobbobooooobobbooobobobbooooobo
gobobbdooooboobobboooobbobboooobbboooooboboboo
gboboboboooogbbobobbbuooobbobooooobbobuooogooboboo
gobobooobobboooooboboboooobobobuoooooobobboooobobo
gbobbuogobbbooogbbooobbuoooobbboooobbooboboo
gobobbooogoobooon

B.1 0JU0O0Ooooooobogd

Oo00oooooooooobooooooooooooooooooooooooon
Dodooooooooooooooooooooooooooooooooooonon
0000000000000 0O00OooOoooogYrrocoooocoobbooooo
Do0doooooodooodooodoooooooooooooooooooooon
oo oov00o0doooododn0000doooooooooon
00z, DO0OO0OO000OO0OO0OO0OO0O00OO000O0O00O00O000O00O00O00O00OO00O
oo

Tp = Tp_1 + 0T (B.1)

0000000000000 o00O0«20000000000000(B.)O0DOOO
gbobobbooooobbbddnbbboooobobbboooobbbod

2 _ 2 2.2 _ 2 22
0, =0, ‘0,77 =0, +no,T (B.2)

Tn

gbobbbooguooobbboodbo00bbbbooodbiDner00oooon
DDDDDDDDDDDDDDDDDD(DDDD)DDDDDDDDDU?EOD ogogn

\ o2, 1 /o2
(B.3)

gogoboobbobobbbbbobbobobbbbbbbobobooobbbobbbbobn
goboboboogobobooooobobbooooobobooooobboooooboboo
O000B3)DO0O0O0DOoOooooooo

95



B.2 00000

OO000oobOdbOdOb0FigBAODOODOODODODOOOOOOOOOOODOoODOoDOD
obobooboboboobooboboddooodoooooobbooboouoduuUuuoooo
gbobbooooobbbuooooboobbobboooooboobbbooooboo
000000000 1390000000000 0o0ooo0ooooooooooooo
gbobobouoooobbbooooobbobod

Systematic error i
4—»5

Random error

Correct value

Figure B.1: Random and systematic errors

gbobbooogbbbboooobbboodgbobbobooooobobuoooob
gobobbooooobobobooooobobooobobobooooobobboooon
gbobodoogbboooobbbbuoooobbbuoooobobbuooooooboo
goboboooooboboobbbouoooobbobbooooobbbooooooooboobo
OOobooobOooooobooboboOo. 0bd FigB20Ooooooooooooooobooo
gboboodbboodbboobboobbuoobbuoobooooboboobboobobo
goboboooobobbbooooobobboooobobobooooooon

Random error

L
annt
------
L
.
K3
.
.
.
S
o
o

Error

Systematic error

Measurement times

Figure B.2: Comparison between random and systematic errors

96



B.3 O0000O0OO0OO0O0OO0OO0OOOOOOO

gbobbooooobbboooobbbooooobobbbooooobobobbn
000000000000000000000000O0O00OO0O0ObOoOOOO 1270
gbobbbooooobbboooooobbbbouoooobbbouooobbbdnO
gboboodbboobuogbbooboobboobby, 00bobobboooboobo
U0z, 000DOO0O0O0O0O0OODOO0

dx,, = Adz,_, + Bdv,_, (B.4)

gobbo0000dobbobooodbobbbogoobbbooooouooonoo
OooDOnmibOoboooo/oooooooobobg i, <dv, <u, 0000

1. dz, 1,dv, ,0000000000(B4)000mO000000m-—1000000
000000,mCr 000000000

fz(dxn) = gi(dl‘nfla d'Unfl) =1 ~l+m Cmfl (B5)

9. 00 dz, ,,dv, ,000000000000n—10000000000 dz, ;00
DDDDDDDDDDDDDDDDDDD(B.5)DDDDgi(dxn_l,dvn_l)DDDDD
00 Gimaz(dTn—1,dv,—1)00 00 ¢ min(de,—y,dv,—) 000000

3.n—1000000000000O0DO00000
ljghj(dxn,l)guj jleS (B6)

0(B4)00DOD0OOODOOOOOOO

hi(den) = hi(A™day) (B.7)
le = l]‘ + mm(h] (A_leUn—l)) (B8)
i; = uj+maz(h;(A""Bdv,_,)) (B.9)

4. 0O00DOOO0DbOoO0DbOoODbOoOon

oo
lg = (gi,min(dxzzlla dvnfl); Zf)T (Bll)
ul = (gi,mm(dxzfl, dv, 1), ﬁf)T (B.12)
he(dz,)™ = (fi(dea)™, 1(dzy)™)" (B.13)
S < 3+l+m Cm_1 (B14)

0000000000000 00dr, 000000mOO00O00O00O (B.10)ODOOOO
gboobooogbbbod

97



o. DO UOUbDLOOUObLDbUOUObLbUOObLbUOObUstep4abbOOLDDLOOODLOOO
gbboodgbobugbboobuooboboooboooboobbooboaonoon
gbobobobouoooobobobooobbbooooobobon

6. step 1 0000

goboobioobbobobooboobouobouobouobooboooboobd
Fig.B.30 y0OUO0OO0OODOODOODOOOOODOODOODODODOO

Figure B.3: Example of positioning errors
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