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Abstract

A variety of robots has been studied and developed for undersea exploration. One of the applications for undersea
exploration is mining of undersea resources such as methane hydrate and rare metal by Autonomous Underwater Vehicle
(AUV). To extend active duration time of the robot in the sea, a system through which the AUVs recharge autonomously
batteries is a key technology. The authors have confirmed in a pool environment the dual-eye visual servoing system made
a pole attached to the vehicle dock into a pipe that simulates recharging station, but the abilities have not been verified in
real sea environment. The purpose of this paper is to scrutinize the capability that the visual servoing system can conduct
docking operation in real sea, which has disadvantage like impurity deducting visible distance comparing a condition in a
pool filled with tap water and disturbances made by waves and currents. The docking has been conducted five times and
four docking trials have been successfully completed, and all four succeeded docking data have been presented in detalil
with behavior analyses of the robot in the sea.
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Table 1 Specification of ROV.

Maximum operating deptfm] 50
Dimension [mm] 280 (W) x 380 (L) x 310(H)
Dry weight [kg] 15
Number ofthrusters 2(Horizontal), 1(\értical),1(Traverse)
Number ofcameras 2 (Front,fixed), 1 (Tilting and zooming
Number ofLED 2 (5.8[W])
Tethercable[m] 200
Structure materials Aluminum alloy and acrylate resin
Fig.1 ROV. Maximum thrust forcéN] 9.8(Horizontal).4.9(Vertical, faverse)

(o] [
Target object Docking hole
(3D marker)
Docking pole
Computer for
recognition
and control

Fig. 2 Layoutof docking experiment(top view).

Underwater
camera

Fig. 4 Structureof virtual recharging station.

Fig. 3 Mrtual recharging station with docking hole and 3D

marker.
2. EBEHRAEER
( ,2015)
, ( ,2015)
2.1 EERIRIE
2015 12 16 2 35m
ROV () 1 1
3D ROV 2
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2 Sea 3 3D
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160 mm 4 3D

2-2 Real-time Multi-step GA

Suzuki and Minami, 2005 33 ms

Q) GA (2)
1)
33 ms GA Model-based Matching
GA
33 ms
1-Step GA Suzuki and Minami, 2005 1-Step GA
Real-time Multi-step GA
RM-GA RM-GA 6
12bit 5 3
5 33 ms
3D
640x 480 RGB , HSV H
(Lwin et al., 2016).
( PCI-5523)
9Ims . 24ms(=33-9) 9 1 2.7ms
6 3D . ,
(Lwin et al., 2016) . 3 3
2 3D
3D Song et
al., 2010, Nishimura et al., 2013
5 1st generation
Processor Intel(R) Core(TM) i7-4790 CPU @ 3.60GHz, RAM:8.00 GB 33
ms RM-GA 9 RM-GA 2
23 HmEHE—7 R
4 (a)Manual Operation
, (b)Visual Servoing 3D , (c)Docking , (d)Docking Completion

(a) Manual Operation

RM-GA
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Fig. 5 Flovchart of Real-time Multi-step GA to track pose of ROV.

-

Docking pole
8 X 6[mml]

Docking hole
70[mm] |

Fig. 6 Coordinatesystem of ROV and virtual docking station.

3D 0.6

9(b) (c) (d) 3D
(b)Visual Servoing

(b) Visual Servoing

ROV 3D 6 P [Xa Vg z4]=[600
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Table 2 Parameters of Real-time Multi-step GA.

Number of genes

60

Evolvedpose (position and orientation

(x,y,2,61, 2, €3), all genes are coded by binary 12 bits
(&1, &2, €3) are represented by quaternion

Pose used focontrolling
(Position, Orientation)

Position (xmm,y mm,zmm)
Orientation (g3 ) around z-axis oky in Fig.6

Searching space definbg > in Fig.6

{x,y,z£3}={1400,4400,+200,+0.15(equal tat-17.3degree}

Control period [ms] 33

Number of genevolution [times/33ms] 9

Selection rate [%)] 60

Mutation rate [%] 10
Crossover Two-point

Evolutionstrategy

Elite preservation

(a)Manual Operation
START

Approach to Homing Unit

@

v
Docking Motion
xq(t)=600-30t
Docking motion is
generated by decreasing
x4(t) in Eq. (1)

Within
Allowance

NO

1 Error Level?
Visual Servoing to YES
Standby Position
Docking Process .
(c)Docking
Accurate
Position Docking
Satisfied? Finished?
YES f
(b)Visual Servoring (d)Docking Completion
Fig. 7 Flavchart of docking strategy.
165 ms (c)Docking
ROV
Vi =Kp1(Xg —X) +2.5
vi=0V 2H  XH 98N w=5V —98N
' Vo = Kp2(€3g — £3) +2.5
va=0V 2H Zy 088 Nm w=5V —0.88 Nm
V3 = kp3(zd —-2)425
v3=0V H Zy —49N w=5V 49N
Va = Kpa(Ya —Y) +2.5
va=0V ZH YH —49N wy=5V 49N

Kp1 = 0.005 V/mm kpp =13V
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(c) Docking
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ROV 30 mm/s X Xd 350 mm
ROV y z +20 mm
X (b)Visual Servoing 7
(@ (d) “pr (c)Docking (b)Visual
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(d) Docking Completion
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RM-GA
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, 8 . 8(b)
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3D
8(b) Nishimura et al., 2013
[x,y] = [3450,17.0] mm RM-GA [x,y] =[3492,18.1] mm
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X 5mm

475

- 419

1.2
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] 0.0 =
c &L e <
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w Detected
pose by - 306
Real-time
Multi-step
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‘ : : 250
-70 -38 o 38 70

y [mm]
(@) (b)

Fig. 8 Resultof full search and Real-time Multi-step GA recognition, (a)fitness distribution is presented by 3D
representation and (b)fitness is depicted by black/white circle with detected pose.
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32 HREHIE

9 RM-GA 10
11 9@ (d) 23 @ (@) (@)
ROV 3D RM-GA 3D
3D 3D
(b) (©)
(d) (d)
9 (b) (d)
3D RM-GA
3D (c) (d)
10(a) RM-GA 33 ms
10(a) Visual Servoing Docking
Manual Operation Visual Servoing 10(b)-1 Fitness 0.6
CRT 10(b) (B) \Visual Servoing
(B) 7 10(b)-1 (b)-5
2H ROV X Y,2Z & , RM-GA
“Automatic Control” , 2.3 (b),(c),(d)
10(b)-5 “deg”
10(b)-2 (B) H XH Visual Servoing [Xa Ya zg]=[600 12 -70]
mm (C) Docking 65s YH 2
4+20 mm ROV

ront Camera 1

ront Camera 1

Automatic control:
i = i
Manual Operation J Visual Servoing

e

| ROV Right camera me i

1 Front Camera 1
‘ Automatic control: Automatic control:
Docking 3 Completion of Docking

Front Camera 2
]

(© (d)

Fig. 9 Dockingcontrol sequences by dual-eye visual servoing consisting of (a)Approach by manual operation,
(b)Preparation for docking that controls the pose of the vehicle to be constant desired values, (c)Docking by
decreasing desired position between 3D marker and the vehicle, (d)completion of docking. Front Cameral
and front Camera2 are photos taken by cameras set at docking frame shown in Fig.4. The photos of ROV
Left camera and ROV Right camera are shown in left bottom part of the group photos, with dotted circles
indicating real time pose tracking results, and the photo of camera onshore shows the vehicle seen on the
quay.
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(b)Time profile of fitness value, position and pose during docking operation

Fig. 10 Dockingresult 1 (a)Position trajectory and (b)time profile of fitness value((b)-1),recognized positions in
X,y,z axes direction((b)-2,3,4) and angle around z-axis((b)-5).
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Fig. 11 (a),(b)Result of full search and (c), recognized positions during docking operation.
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Fig. 12 Dockingresult 2 (a)fitness value, (b)(c)(d)recognized positions in x, y and z axes direction.
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Fig. 13 Dockingresult 3 (a)fitness value, (b)(c)(d)recognized positions in x, y and z axes direction.
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Fig. 14 Dockingresult 4 (a)fitness value, (b)(c)(d)recognized positions in X, y and z axis direction.
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