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A Study on Unmanned Underwater Operation Systems in Coastal Work

Toshinari TANAKA¥*

Synopsis

Various and detailed work are required on the construction work site. Because most the work are actions
on natural objects under native environments, and even the states of artifacts are change as the progress of
work. Construction work are great different from factory work which are easy to set up the working
conditions and easy to standardize. Therefore above-mentioned is contributes to human-intensive
construction work. Especially, even mechanizations of coastal work which are underwater work for coast and
port improvement still are limited and are diver-intensive because these work are constrained by underwater
visibility, crowded structures, disturbances like wave and current, and so on. However, extended underwater
operations put a great physical strain on divers, and the work conditions are severer than that on land in
many circumstances. And, they are difficult to detect and to avoid the danger of accident because of
numerous ships come-and-go in port area. Therefore, unmanned underwater work should be considered
fundamental solution for above-mentioned various problems because the underwater accidents become
life-threatening serious situations in most cases.

In this paper, present situation of the coastal work will be described. And, proposed unmanned
approaches for two cases of the enumerated underwater work are “shore line survey in erosive coast” and
“maintenance examination for mooring facility of massive floating structure”, which will be described.
Purposes of this study are not only realization of the unmanned approaches but also contribution to future
similar approaches through provisions of the process sequences under certain conditions with specific cases.
In this study, approaches for unmanned underwater operating systems are not limited to automated
technologies. Tele-operation technology utilizing superior great human abilities which considered the
characteristic conditions is treated as valuable fundamental technology.

In addition, this paper is the author’s republished doctoral dissertation which is formatted to fit the

technical note of the port and airport research institute.
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Fig.1.1 Image of typical break water “composite breakwater” in Japan.



a) Trimming work

Colimation

b) Survey work after the trimming

Fig.1.2 Underwater operations of trimming work of rubble mound.

2. BERVEBLERICHITHKPEXORK

WA ES L OIS 3 2 B W ISR B 72 Il
EEELT, BEEN DKM, KFHICEDLHHPLHH
W CHEEER S, WIRORAIES, Mo SR Y
DEIGIZ T Dk % EENFER SN TNWD. 22T
F7, EREXRITBIT D HEHEFEOFEREIC OV TR
D, FNTKRPEEICERZK > TENL DIEEFFIE
FIZL, o OEEOEALIZET TZBLR OB Z R
5.

2.1 BREICBTI2HBKE

HERMAAE IR 17 4RI (A 20 4 5 H BAERHT)
WL, PR 16 4E (1~12 ) 0@ EIc L Ak
4 AL OGS 122,804 A TH-o7- V. MR TR
D&, BEHED 25.5% & B ED 23.1% B3I L TR,
ZOTHERMCEROKIEE LD 48.6% % EH T 5.
£, ZOEOFHBIEIC LD EEEEKD > LELTHE
HIE 1,620 ATH Y, EMEBITIIEREN KD 36.7%
EHDTRBZ. ZOFEOEBERTE 584 TANE
WMAFEIZEHDDEEN I2%THLIEEERDL, 2D
36.7%F R L TIERWE T CIlI 22w, £/, Zaefimd
T H — DI B S ERFHC T D B S ER A S
SRk 17 ALABEORMEM 2 LT b Z ok = < &1k
LTWRNZ E2D, BREITNELENDYD 3K FEHE
72l &2 FFOERTH D 2 LITHETE 2V (Fig.2.1)

2)

LU D, EEFRFEIIATNCKE KIFTDHEHET
HDH—J7C, B OGN ERIAICHE Ltk T X pE
EO—OTHLHD. I Z TOMM T T B-C /4L
E~DEBALRLOLNTHD HOD, T HARIEE
RMEEERICREEN DO TOESH, BEIEEITHS
TLHDOTHY, ThbOHAPEERERDOTEFERIZ21H
FICER - TE 2 LIEF DI RITRV. BB 36 4
— 7 L LT, LUBEREIIC S D 558 5 E o R A E0X
INLOREEZDLRPLTZTCNDEbDEHEZ BN
B0, — TEETIERZ ORUERIC T L E 0 O
bV, EHEIBTDHIFETENLERIRSL THD
BLRIIZE D> T2, BRRZEICB T 2T REORK
WIWZBZMT S L, oML [FERIC TV - 8585 28
JEBIRIZ S < 2D 40%LL L2 \5®, Z i I 2@,
Ml - g, DREGAER, k3 Fhy, RSN,
IR - T 72 EDHES D, MEEDIEDORE Lk
P L HEE L T, 2ok ) REIREERN
X, T LA FBICR AT AR R ROREE OB HE S 235718)
REZHETH-HE LB LI, REERLLTE~OR
BORIMEAE S TZH I HBRELFHRE LTV
Flcbbrrsxdo Y.

2.2 KAENEESNIBES I VEBLERBEE
MRS, W OREDLEHE RN D2 B It
KRBT LDHERETH D, PIZITRRIT, IRFEERD )
T DMWFEIR VISP E I T TEAD DI AR ERE S
NOWEWTHY, WEND O ORISR D



125000
122804 120354 121378 121356
100000 -~~~ -"""""""" - oo
—@-All-industry
——Manufacturing
75000 (-—--—--—-—-—-—--- - -
—A—Construction
—M- Land transportation
50000 F—-——-—--"""""""""""----— -
31275 30054 29732 29458
25000 " 28414 " 27193 26872 55106
B— —il- - L
13703 13208 13402 13427
0
2004 2005 2006 2007

a) Casualty toll (over 4 days absence)

2000

1500

—@-All-industry
1000 kF------—---—-—"- —€—Manufacturing _
—A—Construction
—l- Land transportation
V& 497 508
500 |- = ____461__|
2f3 256 268 264
243 245 198 196
0
2004 2005 2006 2007
b) Death toll

Fig.2.1 Generation status of recent occupational accidents

(Plotted the top 3 in the preliminary estimates of occupational accidents which is released on the web site of Japan Advanced

Information Center of Safety and Health).
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Table 2.1 Human work in coast improvements.
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Table 2.2 Human work in port improvement.
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b) Careful trimming work

Fig.2.2 Trimming work of rubble mound by divers.
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Fig.2.3 Underwater backhoe operated by divers.
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Fig.2.4 Teleoperation type underwater backhoe using haptic

image.
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a) Aqua-robot 2 in the work site of Kamaishi port
(Watertight type test model; 900kg)

b) Aqua-robot 3 (Light & watertight type test model; 280kg)

Fig.2.5 Aqua-robot for underwater inspection of rubble

mound.
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b) Diver
Fig.2.6 Man-powered check of under the piled pier floor slab
(Chiba Port).
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Fig.2.7 An approach of usage of ROV (Yokohama Port).
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a) ROV for tank test model
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b) Optical flows of each section
Fig. 2.8 ROV with teleoperation assistance by motion

estimation based on optical flows (50kg).

Fig. 2.9 The result of motion estimation of the ROV.
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(Niigata West Coast).
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Fig.2.11 Measurement of mooring facility of lighted buoy
(Tokyo Bay).

RV Si

Fig.2.12 Lighted buoys raised on salvage barges (Tokyo Bay).
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Underwater Vehicle) & X 5.
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a) Leveling of the beach

b) Staff-man

Fig.3.1 Regular shoreline survey work in Niigata West Coast

(Cross-sectional leveling).
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Fig.3.2 Image of an automated shoreline survey system.

BHELL TV 5 (Fig.3.3). Table 3.1 ([ZHE Ry MNBTH
BKEEm ST R v FOERFETLERT.

Table 3.1 Specification of the robot part.

Leg length 0.500m (lower tight)
Body diameter 0.308m

Mass 95.0kg

Pressure 0.3MPa (FS 1.5)
Battery NiMH 28.8Vx8Ah
Operating time 0.8h

7B, T TIMMNEDHHE L FERORKEIN L HIC
INEWZ E0 D, THERFHI W TIEA REREZE DR
BRRESEHRIIAT > T, JEEOREERIZ VTR
BMEEE 2, HEICOW TR OFIRME A TN E
NEE Eo ERE L, REFRENT CHLICERE L.
T, BARE LTNIMAARN Y T U ZEA L2 2 &b,
AT L BRMERNED BE LA EZ LT 5 %27 %
BT,

Fig.3.3 Removable body part.

3.2.2 HBIIFHICKEC-BHDHREH

Wik L COMERBENE EHRT H70121E, Okt
ZHBLTELERNDD. ZZTIHET, i h
IZOWTHLE 2 — B2 i L7 (Fig3.4) 7.
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HAT2RBTHD. ZITEHER—FZ T La— AR b
0 A —H—%KE lem/sec THERICEASEZEOEA
B AT AR— 2 T L a— BEARERE FhE L7-.

a) land part

b) Surf zone

Fig.3.4 In-site cone examination (Niigata West Coast).



e BTN a— R b A —F—(L, Sl 300,
Wi fs 6.45cm2 & 3.23cm3 @ 2 FFEO MR DL (=
—Y) EBfolzuy RTHY, ZOBEANEHEZMNMEFT
HHUlTA2LDOTHS. ZZTROLND a— kLT,
R—FTNa—r_XRr e A= LHICEAISE L
EOW|PIE 2 - OWHERBTHRLIME, Thbba—
VEMNERIITH D E OO 2R LTV D,

2004 4 6 H, FriSvEWEE O 1 28R (B 1
BIF DR Ea—RBREER L, iEREDa— 45
HCl DA ESET- (Fig3.5). TORER, £OFHHEIE
Clyye =7.56kgflem?, Fe/IMEIE Cly, =3.56kgflem® T - 7-.

2Ry hOREHERE MK E LG, Zoa— 45
BOm/NME L BE L DTSR O R OR/NEEZ R
BpEXEDDEHITRD.

:L:
p Nﬂ-.Dminz/4

Dmin = 1 L = 336[Cm]
Nﬂ'-.CImin

N =3,G =95.0[kef],
=3.56[kgf/cm’].

CcI

min
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min

D_. ; Minimum diameter of foot circle [cm].

N; Number of contactlegs.
G; Weight of robot [kgf].

p; Ground contact pressure [kgf/cm®].
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Fig.3.5 Distribution map of cone penetration resistances
neighboring the 1st jetty of the Niigata West Coast
(Depth: 10-20 cm).

WU WES fliBikz 4. 22T, EHliHEH VCl
(Vehicle Cone Index) 1XEITHEE OB ASCHKESR,
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ZOMED/NEWNE ERFH T O EITRESI V. FEO
RUTHEM IS/ & 72 BRI 0 VCI & B2 £ D BIR
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_ CI,,, +0.0388
0.071125
VCI =125p

(empirical equation

49}

(3.2)

in case of crawler type with lower VCI)
VCI ; Vehicle cone index.

EXEFH L TRADE L NS

CI,,, =8.890625p —0.0388
po O
Nz-D,. > /4

min

k-7,

35.5625G
Dmin =
Nz(CI, +0.0388)
N =3,G =95.0[kgf], CI,,,, =3.56[kgf/cm’].

=9.98[cm] (3.3)
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Fig.3.6 Constrained working volume (CWV).
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% IFHZ LD E— X —DORHEZ iz, EORENE
WiiE PWM OFIRIC K - THICE—F —RFAT LK
@*%M3MAMT CHIBR L, iR AL L2 % £ 80Nm
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Table 3.2 (ZB7KBBEfHi—~ = b O FEREITTERL,
Fig.3.7 7> 5 Fig.3.10 [ZPi/KB i = » k048l & NE
MR &R,

Table 3.2  Specification of the watertight type joint unit.

Outside dimention | ¢110mmx125mm

Mass 2.1kg

Output torque Rating torque 82.9Nm (Continuous)
(The current is limited to rated range)

Reduction ratio Joint part 1/961.5375,

Potentiometer 1/288.46125

Motor Maxon RE30, Power 60W

Rated torque 0.0862Nm (Continuous)
Starting torque 1.02Nm

Rated current 3.81A (Continuous)
Starting current 39.3A

18 Hoffiz=y hOE—¥—a ba—F7—8B&
WE—F— RTA43—F, Bffiz=y FATIERI AT
2Ry hOJRNICERE SN, Kffaxs =% LT
ST 5. RN ORI PC & USB #fit S 4L7c
ET—H—ar bo—7—FRRESH T i==v k
O BAE A FE ONLEFIE 21T 5 .

¢
0= g}i (x, —x)+11<<DDz(xd —x)+KIIZ_£(xd — x)dt

t: Time Ky : Proprtional gain (3 5)

o : Control output K.

x, : Desire position [[<<D : Deviati gain

x : Present position KDZ

I . :
K—[Z. Integral gain.




Fig.3.8 Internal mechanism of the watertight type joint unit.
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Fig.3.9 Assembly diagram of the watertight type joint unit
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Fig.3.10 Diagram of internal mechanism of the watertight type joint unit
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Bfiz=y hOBHAEITZLI=y NNORT T 3 A
— 2 TEAL, FOMEIZT F o 2 EEHEOE ER/ROK
Haxy Z—%0 L CRERNTO 2 hr—F IlEES
N5, ZOB, RTrvaA—4nb0EET74in
— AT 4 NE—FAEAT B Z & CPWMBRENZER T 5
J A R K DIRECBENEDOIRIAZ M -7, 7ok, ZZ
TOT7 4 NVE—XEBREEL2WHSRRC Ny T 7 4
NnE—& 17z (Fig3.1l) .

fomsar (3.6)
R
—+O MN O
Vin C — Vout
O O

Fig.3.11 Pattern diagram of RC passive filter.

AR OBRE 226 1 — /R A7 ¢ L& — O JE BT
PWM AL, FICERET A LENH DN, EfioBE
ERELBTHZEDRNEAREBICHRET S LITTE
72V, 22Tl R=470W, C=0.33mF & L C, BEHiER K
% f=1.026kHz L RE L7-.

3.2.5 BAR

C TR AHEHE S AT AL HER - HET
ORI L OWGEER % FEhE 9 2 72 DITIEB IR O Ffk
NULEATHY, BAHFEE L TRy FOJMENIC Ny T
Va2 L, EERZREMO =RV XEE L Li-lon
150Wh/kg, NiMH 80W/kg, NiCd 60W/kg, Pb40Wh/kg 2
EThHHHM, T TIFMEMRE LTAF LTV NiIMH
L2 L7z (Table3.3). 7235, Z ¢ NiMH &%
W36 O FEBRIEE ORI 40 0 TH D

Table 3.3 Specification of the equipped battery.

Cell type NiMH

Voltage 28.8V

Capacity 8Ah

Composition 1.2V 8Ahx24
(Seriesconnected)

Dimension and mass 200x200x80mm / 3.5kg

3.2.6 Y
Ry b OEE O & DRz & FEREREE 2 T D
7D EREICHE L. 2 ClikK 4.9kN

-23 -

DORERMEL > VZ2A L, & o FHEATIP6’ HHY DB
AKMEREEA LTV 5 3 3 JFHAEL O Kistler #E8L 7 7N
I Y 9602A ZFH L7 (Fig.3.12).

Fig.3.12 Amplifier-embedded 3.axes force sensor
(Kistler 9602; 57mm Lx25mm Wx10mm H, Mass 30g,

http://www.kistler.co.jp).

3.2.7 RIEHEEDOBEA

ARl FHAURAT 1 AR MR ESRE A 2 5 7201
= ONTE % L E U CHH LBESIE 9 5 72 0 OB gD
VETHY, ORI - PEHMEOHEGEZ > THEN
BVATALERD.
ZZTIEHKRFHTHLZORMRRDEND Z &b,
2Ry PO EICE E 1450mm O 7Y X AR—LEEY
fFiF, T EMICERE L2V ALIT—% h—F )L
ATF—a yCHIFABITERE T L. b—
HIVAT = g TRl SN T EBRITER LAN %
U CKBER AR TR AR Y b7 4 — KNy 7 Shne
Ay hOFEIZHRAFRETHDH. ULEDOHIET, Kz
WABBATE R v b &N - MIBHEREEZ KA L, BEL
CHINT - PIEFTEEZR HEN IR S A7 A& LT L 7.
Fig.3.13 Il E = AR » b OB &2 75

3.3 AEORy FOYI LT
3.3.1 ORy FrOEEFORE

B2 bNT-BBREICHL, Lok TtrRy
NOEENESE 5 X HDNIEETHDH. RETIE, BT
T Y X L~OEBFRTDOAN F LIRS,

2Ry b OEET A BREICEE S ALz 3 RIEDT v
b EEAER A E 2 5 (Figd.14). T e hREEr e L, W
DIRFEDT L. Zy Wi3ShETRE &35, &6,
2Ry N ORI LICEE S VR EER S L, B o
WFEDOTD. ZgIthE TmE & 425, ZHOLER
IWTIEEDOEROR SN D EIERZRT.



a) Appearance of the survey robot

i
il | =

b) Dimension of the major parts.

Fig.3.13 Survey robot part (95kg).

n
>

Yy

Fig.3.14 Coordinate system and motor command of the robot.

RO EB, i K ONEHED 2 2 AL DAY 1 5
MEND. BRy FOUEEDIT, HREERICRT S
" p(t) Ty, HEOBEKTH.

" p(0)=(p.(0)p, () p. () 3.7)

BBy b OEESE R R BT 258 (),
Thbb, a— Ay, EyF Ay, a—My, THY,
b BERIOBIKTH B,

"y(0)= 0.0y, (7. () (3.8)

PLiE & BB OERBITRDO L D127 % -

"y(t)= (vx(t),vy (t),v. (t))T = du;l;t(t) (3.9
" ol)=(0, 0,0, 000 =420, 10

3.3.2 2RTERMDEH

AEFFRTIE, BEER R Y MIE 2 5EDEDIL2
Koo Vil EOB X ICHIRT 5. £/, EES p,(2) 13
HIEID G —EI, B e ey FMAIL0ICREZND &
ICHIEENDZ b D LT D, Lo T, mifioEEE
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" p()=(p, (). p, (), p.O)] @3.11)
"y(1)=(0,0,7.(2)) (3.12)
L, aRy FoEENT 2 %RC EEEMIZR L. I

532D/ A=K, 2WICFHE ETOESEEFEEIC
BT BHEDOTHD. T2, ZhbOEREKIL,

()= (v, () v, (), 0) (3.13)
"olt)= (0,0, w.(t)) (3.14)
L.
WHEEB O 71 O(t) 1T T O L D ITERSND
ngm—ﬂﬁQ (3.15)
v (1)

W& Ay MEI2SFES) (omnidirection) 723 F[EETH
BOT, 60)IFMREDLES y, (1) L 4P Lb% LVbY
TIEZRW. Len»>T, ulRy oI5 & ET5m
DT IXMATF (crab angle) af) & LTRAD X 91T
EFwRIND (Fig3.14).

at)=0(t)-7.(¢). (3.16)

2 E EToOnR Y FOEHETLET HITHIY,

Naval Postgraduate School @ H ft & & o A » b
7 m Y s bMTHRBINE
MML(Model-based Mobile robot Language) % i fi 9~ % 3.
ZAVTHRIBEANF T O 6 R TRy v T 7T R 1
I b L7 E N H D, MML TiEr ARy b
B (@), k(0), 0,(1)) TRRE SN D, 22T, wfs) LI
DWERE, xft) I IIRAEEBOBIE, o, (¢) (ZIRAOREES
HETHD. 20O MMLIZ X DEEOEL, SLTFOX
INEHT H LN TED.

Yamabico-11

(3.17)
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(3.18)

BAAHIZ B R Y b~ ORREBIFE T Q 1%, LFO L1
ERSND.

(3.19)

3.3.3 Fa—T 1 LOHE

2Ry hOBITHOMORIEE LT, SR & i
HOZOOMEZEZ LD Z LN TE D Mi1<i<n) H3FF
THFRIZ 3 2 1R 2 SCREIRIIIR 7, SUEMRR I 8 5 I % 30
IR 7, & U, SCREMIRS & B0 o & 7

T, =T5+Ty (3:20)
EHITAMT, L9 5. 22T, Wi o 1HTAMICRENY
TXFRHHM O L0 2FET 2 —7 1 b g 1ZRATE
#INo.

si (3.21)

RS
Il

=N

TIZTH, Ta—T g ldthR T 5 L5, FAkoiES
WK 5.

L ZAT, U RMOIREIC x5 SR mg s
ELT5. URWbiEeR Yy b OB RREE & R
Y ENTE D, HREERICIT D AEE, MG
B8 — B ORI 0 FHE R OB BT 5 BEEEIC S Lz
0,

(3.22)

7, (1= B0, () +u, () =7, (c)u, (¢)

L%, FMOU R—OEEU ZixiE L TR(B.22) %
BT D&,

()= (3.23)
e BBMRMNEND . ZHUISTE R Y SO ABELY

BHF 2—T A HORKETHS. LrLRnb, |k
TITIRERE B 120N 2 T % ORIERERN I LE 9 8 AL Sy
BEBTOIVNENRDS. £, Ry hOBEENLFa



THERTHHEOICIE, ETOHDT 2 —F ¢ lR%L
SRFNERSRW. XoT, vy FOTF2—T 1t
1, RE2)IRAE O RIEEESE R 2 M EH 2800 L
T, ZORKOT 2—7 A Jk & 5>

U
A= R U,

Ble)= max B, (¢).

(3.24)

72721, RIFNAEF LSO CWV O b AMIlO R F

TOHHETH .
3.3.4 BiAYI—THE

Ry MUTET Y = —7HEEZEMA Lz, v =
— 7 BRI OB & DTN D L O =BT o4
BTHY, VX a T odWRBERTHD. AT
BLE O 20 29 2 MO R BELE v AN » b OARE D
HOEI R RBUIRD L 512725 1.
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a) Expression of each
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(3.25)

m=12,---,n.
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Fig. 3.15 Line-symmetric 6-legged robot.
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b) Expression of each legs

Fig.3.16 Forward wave gait of 6-legged robot of line-symmetric 6-legged robot.
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Z 2 C, BT %L (kinematic phase) @l JHIES) D
— B OEE % [0,1] TIERAL LA TH Y, BF
BRI O SRR o VX3 FRIAAE, 22 i DN EFE T % .
F7-, i WONAEZE (relative phase) w; lZAATAIABZ
BETOMOBEMS A I 7 E2R LTS,

3.3 Ta—TFTaqHAEVI—THAE

22T, JlEwRy MIRFRBE)N FTRE T o
A RE LT D7D, BiFY = — 7 BE L KITHTT
a T a—T gl pERELL, LI iik
U = — 7R

v, =VYila, B), i=12,- (3.26)

N
EEAT AL L Uiz, ZORIEY = — 7 AT MR
ErRy b ERU 6 MEdRELEDT 7 7 m R~ 15k
~OBRAEENH B P, Z Z T OWREY = — 7R
OFHBER & ZOFNERBAEZRTZLL L, ETET
2 =T A WAEY = — T IREOHFNRBL A R~
WATHA o = /6 DYEr L, BOSFREUHELE 0K > M
AR E Ry b ERRT LR TE 2720,
WATHA o & /6 \[CEE LTI 085G O MALARE
¥,(n/6,5) 2 KDL, T a—T 4l plE, KB2)IZL -
TRESND T2, NAEEE G CTET 5. Fig3.18
X, B=5/6,2/3,1/2 DL XDV = —THEOHFERKT
b5, T, Figd 8D f=2/3 1205HEMYEL,
INBD 200G EMBICNFTHZ T, Ta—T
1t pe(1/2,2/3] DL DOIETE O AE O W O RALAR 7 2 15
% (Fig.3.19). [FEEIZ, T oicxt L CHIZHMEEITS
LT, Ta—7 1 fe (01D TORPHOHIARE
EH/AHZENTES (Fig3.20). T OEHBEE KRITR
7.

Fig.3.17 Axial-symmetric 6-legged robot.
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Fig.3.18 Gait diagram of forward wave gait of axial

symmetric 6-legged robot (a=76).
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Fig.3.19 Gait diagram of forward wave gait with interpolation
B (o=m6).
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X=X _V=Hh
Xy =X V=N
1

Xy =X

(3.27)

{(x_xl)yz _(x_xz)yl}'

y:

KEB2MTHB.28) A L TR K DM & - TRIFT
A o= n/6 DYHE OMNARZE g (7/6,5) AELEDOT 2 —
F A Be(01]icBT 5 g0 E LTR 329 Dk
JIEMPTED.

x=p

y=w,~[%,ﬂj

(3.28)
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Fig.3.20 Gait diagram of f variable forward wave gait in case

of a=/6 (Support phase; gray).
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Fig.3.21 Gait diagram of forward wave gait with interpolation

a(f=2/3).

Fig.3.22 13 g=2/3 & g=1/2 DLHE OENARZE W, (e, §)
ERLTEY, ShIMOBE#O X A I v 72 BHRT 5.
ZOMBIFRO LY IcFREND.
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for 1=24,6
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Fig.3.22 Relative phase of variable crab angle.
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(3.33)

ZORMEEDOT 2 —T 4 LR OHIITAICH LT, #Fi
HIF Y = =7 BENERINDIIRY = —THETHD.
3.3.7 RERH

HAATICE VL LT TEIT O MR Ry M, #
DERERBEFIELL TS, BERB MIE, viRy
FELOME~DEE S ¢ 22 b XML ATROZNET
O L, CELOES HEDRTERSh, T0OkK
IMEZE S > TRERBET D, BEREN 1 OHE, B
BERIUANECTHADZENTEAZ EEEKRLTWY
L. B, NITXFHHETHD.

(3.34)

SOFY, TIZTEHRKIIRTERY, ANEENOAE
X7 MV OFERR & HifE & DR E, Theb b i K )
DERT FVOERRPIFHZAEONRIC S 555
AIZBRY, EEEFICLRE L THITARETH D, LER
BHRKREL 2D E, ZORTDOEMRIZELOFRE RIZ
B4 % (Fig3.23).
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Fig.3.23 Model of robot.
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Line X = tb, + a;

Projection point of
gravity center on a
walking plane

Fig.3.24 Calculational technique of stability margin.
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L Z[Hb,.'(a,—c)J:(b,.'(a,—c»z

i +la, —c
b, b,»z |
(3.35)
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__b (e,
CTTTRE (3.36)
THRNERY, ZOMIYR LI,
2
L= fminl, )= J@(» (3.37)
1 b’

LA, ZOHEEEZEDITHOWTEREM LT min(L,)
ERHL, RERHB M Z2EHT 5.
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THER M IET D Z & & L7 (Fig3.25) .
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wen |

margin
Rotation center is foot

gNarrowg
Rotation center is body
Fig.3.25 Changes of stability margin arise from the difference

of rotational center.
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=721,

kp, : Proportional gain
kp, : Derivative gain

dt : Computational cycle.
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Fig.3.26 Successive correct simulation of the body

inclination.
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b) Walking on an uneven plane
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Height
constant

Reference plane

c¢) Walking on an uneven plane
Fig.3.27 Appearance of walking of robot.
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Fig.3.28 Navigation method with feedback from total station and the position estimation.
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a) Execution screen of the robot side PC software

(controller)
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b) Execution screen of the host PC software
(state monitor)

Fig.3.29 Software of automated shoreline survey system.
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DT B 73,

Fig.3.30 |ZHLHERER ST 4 7~ L, Fig.3.31 ([ZHHEER O
IR A 7RT. £7-, Table3.5 [ZERFEOT Ry Fd
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Table 3.4 Primary equipments of field experiment.

Items Specifications No. of | Remarks
pieces
Survey robot | Walking type (95kg) 1 As
prism-man
Auto TOPCON GTS-820A 1 Positioning
tracking (Up to 800m)
total station
Generator HONDA EX6 1 For PC etc
(600VA)
Host PC Panasonic toughbook 1 For state
CF-18 with wireless monitor
LAN for long-range and survey
communication path
(Up to 1km) controll
Table 3.5 Field experimental conditions.
Length of stride 20 cm
Foot lift height 12.5 cm
Body height 45 cm
Maximum velocity 8 cm/sec
Minimum duty factor 0.556 -
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Fig.3.30 Experimental field (Niigata West Coast).

a) Walking on the land part b) Shore-based support equipments

¢) Walking into the surf zone
Fig.3.31 Appearance of field test while shoreline surveying.
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Table 3.6 Control point information.

RESTS. CP code 5639-70-2402
) Type 4"_order triangulation point
q =+ dma (3.41) “Kanji” No. | K 3
2L, Point name Nishi-kaigan koen
Latitude 37°56°147.4618
=2 CRBHEOR AT up=Scm/see, MU longitude | 139°3'2".0043
; . . Altit 10.96
1% Loe=100cm Tl 5 72, MIE R v b ONEHEE O itude 26m
WL a=+32cm/sec’ TH 5. Geoid height | 38.27m
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Fig.3.32 Utilization of a benchmark of Geographical Survey Institute

(Geographical Survey Institute, http://cpservice.gsi. 00.jp/kijunten2k/) .
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Fig.3.33 The Setting method of the coordinate systems and the original point of survey.
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Fig.3.34 Comparison of automated with man-powered

cross-section view of the beach (Land part).

Table 3.7 The differences between man-powered and

automated survey.

Point Level Level Difference e
No. | (Automated) | (Man-powered)
1 1.09 m 1.118 m -28 mm
2 0.86 m 0.893 m -33 mm
3 0.46 m 0.480 m -20 mm

ZORER, BEREORKRIZANTEOREF & ik L
THRUTSOmm UNDOEIZE EE->TERY, Z O
DRIBOILTFII N TH -7, F£, ASHHEE ATH
ROBEONY), sri ARG, SRS, i RE

ZRAUTRT .
g=13¢ =-27 mm (3.42)
n gy
1 n _ .
(gz=;;}q—eYz287xm5, 3.43)
o, =535 mm
72 1 < —\2 -5
:ﬁlﬂ (ei—e) =4.3%x10 B (344)
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Fig.3.35 Comparison of automated with man-powered

cross-section view of the beach (Surf zone).
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Fig.3.36 Comparison of automated with man-powered

cross-section view of the beach (Land part and surf zone)
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Fig.4.1 Current settling condition and preparation plans of GPS wave meters in Tohoku Regional development Bureau.
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Fig.4.4 Relationship between number of shot pixels and

shooting distance of object.
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Fig.4.5 Underwater calibration for optical system of image

processing camera of tank test model.
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Fig.4.6 Plot of shooting distance vs number of shot pixels as

actual size of 1mm.
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Fig.4.7 Least square estimation of optical system in the air

and water.
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b) Scraping of attached organisms

Fig.4.8 Appearance of attached organisms to ordinary lighted
buoy in waterway of Tokyo Bay.
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b) Ordinary small ROV “Deltal50”

Fig.4.9 Major equipments in the case of taking pictures

underwater.
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a) ROV which goes upstream against the current

L !g"{!'!ﬂ%

b) diving and taking pictu

re with auxiliary rope

Fig.4.10 Appearance of taking pictures underwater.
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Fig.4.12 Appearance of attached organisms to the chain.
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Fis.4.14 Svstem configuration of tank test model.
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Fig.4.15 Image processing PC and control PC.
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b) Side view
Fig.4.16 Underwater vehicle part of tank test model equipped
fixed-arm.
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Fig.4.17 Yawing control system for target tracking using
visual feedback information.
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Fig.4.18 Execution screen of the control PC software.

4.4.3 EEUOERAPC

WAL PC 1%, BUS L72Wi{g &2 B RErT 5 LR
BELS, R 2T L CRm gzt L, = omEiEm
TOMNEFHREREL L CENEHEH PC ~%E452
EREREETHD.

SO kS LT, AlE®ReffTshiEE,
RS M E R 5 FEo 2 EEAEA L. GERE
FIH$ 2 HFETIIRELR L EEE L COMBEREFIA L
THEERBHTHHLOTH Y, HEZE(LIZ LD AERD
AR DI CARICEREETH S, —F, WEiEmE
FIHT 2 5 ETIEEG T THRY O 2> N T A NRERE
L7=BMEDL EICHER SN TWAIR Y ITBWT, BIEHRO
BAlCDEBEITEAEZIT D L, dARhoBREN
AHETH D, I TRELRIRTHRBRCIE, 2 TEl
FREFA L TG ORHRERAT. v, ZZTO
7 71 /r—3 3 1% Microsoft Visual C++_LE7>5 MVTec
HALCON DO EGIE T 17 Z U ZFH L CHEE L 7-.

BB, V7 NUzTOXATay EIZIIEROTLERR
AUEREEL, TNEWTTLZ L TCHMERAOT 7
ANEEAT TG 7 7 A V&S 5. BRI A
7T TCIOEBERMALTITY.

Fig.4.19 (25T W) 2 385k P O B B PC Y 7 h v =
7 OEITH R Z T

BB ORI 7 A 3T v TR X o Tl
HENT /AT RmEMER TH L. b % OREE
I TIER B ONE Z EMEIRE RN Enn, 2
NHEOEEE 1 SOfFEKRE LTRYVE S Z & THEYO

- 46 -

TR AR T, BEHEECBR OBRIX Z OO LT
B & WICIREEEOR LIRS LY ITKkFeE—27 103
—EEAHIETS L & LT

Fig.4.19 Execution screen of the image processing PC
software.
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Table 4.1 Specifications of simulation tank for underwater
working environment.
Items Specifications / Performances

* W10mxL30m>xD6m.

Between the water levels of 1 to 6m.

+ Maximum height of 0.5m.

+ Between the periods of 0.7 to 2.4sec.

+ 1 motored bridge, and 2 non-powered bridges.

+ 10t and 1t gate type cranes on the floor.

+ 0.25t gib crane on the bridge on the motored
bridge.

+ 3 underwater cameras (One is under the bridge.
Other two are on the opposite inside walls).

+ AROV equipped.

« It is possible to install various structures using
pre-planned stud holes on the inside walls and
slots of the bottom.

+ The bottom is bearing floor up to 10t/m>.

+ A backhoe type universal underwater excavator
equipped (Weight 4t / Slewing radius 5.2m).

+ 0.5m square grids are drawn on the odd side wall
and bottom.

Dimension

Wave
generation
Bridges &
Cranes

Cameras

Others

T

a) Autonomous underwater walking robot (water level; 1m)
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Z 2T, Figd.21 a)l35 3O BEITHME S 2T 5D
KFmARy MEOBERRRBROK T TH 5. MBS
KiEZ ImIZREL THERLAN DT > 7Fay RKOkZ%E
AR EC@ LT TEBR A 1T - TV 5. Figd.21 b)idiz
FRIRERK /S 7 3R D O FIATER Y 1) 72 HEE b e
WREFHAESE A AT, A NICERE L 7o G i g s
MLOWEFFHEROE T TH D 2.
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— —
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b) Test of contactless thickness measurement system.
equipped on a teleoperated underwater backhoe (water level; 6m)
Fig.4.21 Examples of utility of the tank.
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Fig.4.22 A model buoy for mimic maintenance examination.
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a) Approach b) Taking picture
for image measurement
Fig.4.23 Approaching to the chain and taking picture using

target tracking function.
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99.28mm

a) Actual size

(at the representing point of large link S0mmx2)
Estimated size 100.995mm (Shooting distance 639.5mm)

b) Actual size

80.59mm
(at the representing point of large link 40mmx2)
Estimated size 80.5592mm (Shooting distance 624.5mm)

Fig.4.24 Estimation results of actual size of link chains by image measurement.
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Fig. 4.25 Decrease in amplitude of on-screen lateral location

of the target object by optical navigation.
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Fig.4.26 Output level of Side thrusters.
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Table 4.2 Amplitude of target location.
Uncontrolled Transnﬁ;ntrolled state
state state Stable state
305.866508 268.97963 | 192.737839
300.040611 173.07901 | 162.796524
260.320374 224.485748 | 114.887695
290.739197 249.791931 | 180.279693
263.171005 198.644623 | 139.296753
271.135452 132.758026
310.14534 200.733078
159.169877
134.652192
152.826813
128.116272
132.64563
Average 285.9169 222.9962 152.575
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Fig.4.27 Changing amplitude of on-screen lateral location of
the target object by optical navigation.
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Fig.4.28 Appearance of the target capturing and vehicle

navigation under the wave condition.
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Table 4.3 Point of installation of the GPS wave meters and the design conditions (including plan).

Point Tohoku Regional Development Bureau Chubu Regional Kinki Shikoku
(Offing) Development Bureau
. Southpart | Central Southpartof | Central | North part Shizu- Mie Waka- West part
Design S .
diti of Iwate part of east coast of part of of Miyagi oka yama of Kochi
condition Miyagi Aomori Iwate
Depth 204m 144m 80m 170m 160m 30m 200m 200m 300m
Geology Sandi- Sandi- Sandi- Sandi- Sandi- Sandi- Mud or sandy Sandi- Sandi-
ness ness ness ness ness ness mud ness ness
10min Average 60.0m/s 60.0m/s 60.0m/s 60.0m/s 60.0m/s 60.0m/s 60.0m/s 60.0m/s 60.0m/s
wind velocity
Current speed * 1.34m/s 1.54m/s 1.75m/s 1.34m/s 1.54m/s 2.31m/s 2.88m/s 1.5m/s 2.6m/s
Design current 2.6kt 3.0kt 34kt 2.6kt 3.0kt 4.5kt 5.6kt 29kt 5.1kt
Average current * 0.11m/s 0.12m/s 0.12m/s 0.11m/s 0.12m/s 0.12m/s 0.32m/s 045m/s 0.60m/s
J-DOSS 0.2kt 0.2kt 0.2kt 0.2kt 0.2kt 0.2kt 0.6kt 0.9kt 1.2kt
Commu- 17.3km 15.2km - - - 21.5km 11km 17km 17km
nicationdistance
Power 10W 10W - - - 10W 10W 10W 10W
Altitude of land about 120m | about 170m about 30m about 50m about 50m about 40m about 450m about 30m about 30m
station
200 200
Maximum current — Maximum current
,,,,,,, Average current ~----- Average current
4 150 Ly ‘9150 -
v Al ]
A A
o oy
ATV TR
5 g A
& 50 : 3 % f
AR
s £ 28 8 8 28 8§ 2 =z 2 & T 22 3 3% 2 2 & 58 g2 2 <t 3 s

Fig.4.29 Maximum current speed around the No.804 buoy

in summer time.
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a) Offing of Miyako, Iwate: No0.804 (2008.8.18)
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Fig.4.30 Maximum current speed around the No.805 buoy
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b) Offing of Hachinohe: No.805 (2008.6.24)
Max.149cm/sec, Ave. 18.9cm/sec

Fig.4.31 Occurrence rate of each current in observational days of peek of maximum current.




EEHID No.804 7 A JEDIZEB W CIRA S h i kD
FRIEZBH L= 8 H 18 B T5cm/sec LA D ifED BFE
HBUBERE X 2D 8.52% TH Y, 100cm/sec LA | CliI i
D 1.58% ThH-o7-. —F, N\Fd No.805 71 &Iz
WCHTAEMBE R R ROWMELBI L7 6 A 24 B
75cmvsec BL RO O BAHBUBEE I 2R D 042%THh
Y, 100cm/sec LL ETIXE40.05%TH 7=, 25 DH
WEITEEMEZ T DN TV ARWET =2 Tidb 52,
BEzi R A O, RLMBOBLVWHA TH-TH
100cm/sec % i % 5 FiEdIEE D B DE%FRE L AE L
THELT, TOHBRBEELRHICIE T 52, 8 A 18 A
DE D No.804 741 L THN22 47 40 B, 6 H 24
HONFHD No.805 7 A AL THO~X 45 ThHV, 1 H
ICAEZERTRE 72 BB & I L T+ 48V (Table 4.4). fEH &
L C, 100cm/sec LA Dt o HBUBEREE (35> T 72 <,
FEA EZOMmEEE BET O0TIRNENRD.

PLEDFER NS, A8l — A THEBISHE T4 L
I DEKIHED L REDE S, 785 100cm/sec 72
FEDOES % SR AT AOKFPE—7 VR BT 5 2
ETCEMEXRORVEANAETHDI EBS L2 OND.
L7=MoT, YEAEAKS AT L DK KATESE I
100cm/sec 12 10%F2HE D4 % 1 2. T 110cm/sec & 3% 7E L,
HEHE VLT 75em/sec LT O T CEMATHZ &L
. B, RRIEEOBITIRMEZ GPS IRFHIMGHE T 5
ZEND, BARIEISLTwRAO TRMICE TS & L
5. RERELT, BBV AT A HMTHAD TN
FHICT s TIRBRICT T —F 45 2 Lk, B
DO E K& iz 2 A FRIFREE LR
el

Table 4.4 Occurrence rates of some currents and the times on

the day of peek of maximum current.

Area
Offing of Miyako: Offing of Hachinohe:

No.804 (2008.8.18) No.805 (2008.6.24)
Max.198cm/sec, Max.149cm/sec,

Current Ave.41.8cm/sec Ave.18.9cm/sec

speed

Over 75 8.52% 0.42%

cm/sec (02h02m415s/24h00m00s) | (00h06m03s/24h00m00s)

Over 100 | 1.58% 0.05%

cm/sec (00h22m40s/24h00m00s) | (00h00m45s/24h00m00s)
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Image processing PC D@.,Q,I. == | P Controller
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300m \ = =
[ Single-pahse
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Fixed arm . g III ¥ * Three-phase AC200V (5kVAx2)
" Image processing camera ~{[fe¥) 2 = Single-phase AC100V (1.5kVA)

Fig.4.32 System configuration of practical trial model under development.

Table 4.5 Key components of practical trial model.

Dimension [m] No.
Item Mass [kg] | of
(notes)
pes
1.35L.x0.7Wx1.05H
Vehicl Thrusters 120 1
chicle Horizontal:400Wx6
Vertical :200Wx2
Tether cable 300 55 1
Rack 0.7Lx0.6Wx0.95H 60 1
Voltage 0.7Lx0.5Wx0.5H 40 2
compensator
Joystick1(Upper) | For thruster operation 2.1 1
Joystick2(Lower) | For camera operation 2 1
. 5
Image lifgcessmg Laptop PC base (Including | 1
1/0 box)
3phaseAC200V25Ax%2
Generator +  ACI00VI5A 90x2+20 1
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