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Abstract—Aiming at developing underwater battery recharg- I. INTRODUCTION

ing system, the author developed a docking system using stereo-

vision-based visual servoing and a 3D marker. The 3D marker  |n recent years, various underwater robots have been re-
consists of red, green, blue spheres that do not emit the light oo -heq and developed for seabed exploration, submarine
which is named as a passive marker. Real-time relative pose . - - .
(position and orientation) estimation was implemented utilizing MapPPing, an ecological survey of underwater organisms, min-
the 3D model-based matching method and real-time multi- ing of underground resources and so on. To do this kind of
step genetic algorithm (RM-GA). Given the situation that the works, the underwater robots need to be active for a long time
docking aims for battery recharging in the deep-sea bottom, in the seabed. The two main ways of supplying power to the
the pitch-dark and turbid environment should be considered as ., a6 wired and battery. In the case of ROV (Remotely
an inevitable condition for battery recharging. In our previous . -

works, the docking experiments were conducted in the actual OP€rated Vehicle), the cable is liable to be damaged due to
sea, having verified the effectiveness of the proposed system using-ontact with rocks at the seabed. Also, the cable will be several
the passive 3D marker in the daytime environment with turbid thousand meters long in order to dive into the deep-sea. In the
water condition. Since lighting passive 3D marker by light from  case of AUV (Autonomous Underwater Vehicle), the power
the vehicle in turbid water environment results in a situation capacity of the battery that is attached to the vehicle is one of

that the images taken by video cameras set on the vehicle were o .
looked wholly white, some new idea seems to be required. To the main limitations when the operations take longer than the

overcome this difficulty, the newly lighting 3D marker (active 3D duration supported by the battery of the vehicle. The vehicle
maker) has LEDs inside was introduced in the previous work. is necessary to move back and forth between the ship from the
The main objective of this study is to check the feasibility area of gyrface and the workplace of the seabed for battery charging.
the proposed system for the docking application, comparison of o refore decreasing the working time and efficiency in the

recognition performance using the active and passive 3D marker h | for th licati
that was conducted in the simulated pool with the turbid water is d€€p-Sea became the problems for the deep-sea applications.

focused. And then, the experiment using the active 3D marker in TO overcome this problem and prolong the activity time in
the actual sea has been performed. The experimental results havethe seabed, an underwater recharging station with a docking
confirmed that the new active 3D marker with n0-||ght|ng from function has been researched in the seabed using different
the vehicle could be recognizable in dark and turbid environment kinds of approach

than the passive 3D marker with the lighting from the vehicle. PP ’ . . . .

. ' . . There are many studies on underwater docking using dif-

_ Index Terms—Dual-eye, Visual servoing, Turbidity, Recogni- ferent approaches. Depending on a docking station’s structure
tion, 3D marker for a specific application, different methods and sensors were



utilized. Homing accuracy and robustness against disturbanegperiment against turbidity. In here, even though the active
are critical requirements for docking operation. To fulfill thesmarker was used to improve the 3D pose estimation system,
demands, many studies have been conducted recently. Amereg did not compare the turbidity tolerance by using active

them, it is roughly divided into a method using monoculaand passive 3D marker against turbidity. In the present study,
camera [1] and stereo camera [2] for homing and dockingecognition performances using active and passive 3D marker
Docking was conducted for the submersible power supply witlte compared, having confirmed that the new active 3D marker
an ultrasonic sensor and monocular camera with the contwath no-lighting from the vehicle could be more recognizable

error of £100 mm [3]. in dark and turbid environment than the passive 3D marker

In contrast, a vision-based docking system using two cafighted from the vehicle.
eras and a 3D marker has been developed by our researchhe recognition experiments were conducted by simulating
group. In previous works, we especially confirmed the pea turbid environment in the experimental pool using the active
formance of 3D pose estimation and visual servoing, whignd passive 3D marker. The turbidity levels and the distance
are one of the docking steps in our approach using real-tirnetween the active/passive 3D marker and ROV were varied
pose estimation. In [4], real-time pose tracking ability witlas variables, and the recognizable range of the active/passive
stereo-vision was confirmed when a target was moving ev8D marker was confirmed by RM-GA. The recognition ex-
though there were some noise in captured images due to@@riment consists of two ways (1) A method of recognizing
bubbles in front of the cameras. In that paper not only noigassive 3D marker using LED illumination mounted on ROV,
disturbances in images but also physical disturbances of waded (2) A method of recognizing active 3D marker without
stream induced by floating motion of air bubbles were given t&=D illumination mounted on the ROV. According to the
the ROV, having confirmed whether the proposed approacheigperimental results, it can be known that the ability of using
robust enough to be able to operate in the actual sea. In [5], 812 active 3D marker compared with using the passive 3D
pose estimation with partial occlusion was discussed. In [6harker, both the recognizable distance and the recognizable
docking procedure was implemented and docking experimeatbidity level have increased.
was conducted when the ROV’s starting positions were given
arbitrarily in front of the 3D marker. As a follow-up work,
we also checked the robustness of our system under a varyin@he illustration of light transmission using passive and
light environment in [7]. In [8], the sea docking experimenactive 3D marker in pitch-dark and the turbid environment
using a circular shaped docking hole was reported. Since telgown in Fig. 1. Figure 1(a) shows the light transmission of
experiment was conducted in a relatively transparent sea itha passive marker lighted by the ROV's LED lighting. Figure
part of the harbor, measurement of 3D marker for estimatirigb) shows the light transmission, when the active marker
the pose of ROV was successful. illuminates by itself and ROV's cameras receive the light. In

In such a wide range of actual seabed, the vision-bas® case of using the passive 3D marker, light is reflected,
vehicles have to face the difficulty for the recognition becauseattered and attenuated, results in whiteout. In the case of
the proliferation of mud will cause poor visibility by theusing the active 3D marker, light reaches ROV's cameras
thrust of the underwater robot and other disturbances sutirectly. Since the cameras cannot photograph the reflected
fish, seaweed, turbidity, lighting changing, and so on. THight in impure water, it is considered that active 3D marker
vehicle cannot avoid the turbidity and dark environment fawill be photographed more clearly. In the turbid environment,
the sea bottom battery recharging. According to the authotke camera images of the active 3D marker have become
knowledge, there are no studies using stereo-vision and 8Bclear images in the outline of the marker sphere. So that,
marker for real-time visual servoing with the performance dhe pose estimation accuracy may be deteriorated.
turbidity tolerance and illumination varieties. In our previous Therefore, red, green, and blue LEDs are built in each
works, docking experiments were conducted against turbidgphere of the active 3D marker. When light of each color is
and changing lighting environment. In [9], the performance @&mitted, light reaches directly to the ROV cameras as shown
the 3D pose estimation system under different turbidity leveis Fig. 1 (b). Also, the distance of light passes in (b) is half of
was analyzed by using 3D marker, and the turbidity toleran¢a&). It is thought that it is less likely to be affected by turbidity.
of the system was examined experimentally.

In the case of using the 3D marker, the ROV’s lighting
was used to detect the 3D marker in the dark environment.In this experiment, a fithess value is used to evaluate the
Since lighting 3D marker by light from vehicles in turbid wateperformance of the recognition under different turbidity levels
environment results in the images was looked wholly whitand distance. A correlation function of the real target projected
To overcome this problem, the active marker was designed camera images with the assumed model, represented by
and constructed to improve the 3D pose estimation syst@oses in the chromosomes, is used as the fithess function in
against turbid and dark environment. In [10], the robustnets&e GA process. Fitness function has been modified based on
of the proposed docking approach was verified in a simulatdte voting performance and the target's structure (color, size,
pool under changing lighting condition. The practicality of thand shape). The fitness function is defined as the following
proposed system was confirmed by conducting the sea dockéggation (1), wherep means position and posture of 3D

II. AcTIVE 3D MARKER

1. FITNESSFUNCTION



ball area of the real target, and the enveloping spitgre is

for the background area.The fitness function is calculated by

averaging the fitness functions of both the left camera image

_. Fy, and right camera imagé’z. The summation in (1) is

> Reflected light concerning thejth point /Zr; (¢;), defined on theith 3-D
| lightis reflected, scattered and attenuated, model, whose pose is; . In (1), N represents the number of jth

resulting in whiteout.

Pitch-black and turbid environment

points, wherej = 1,2, ..., N. The calculation of fitness value
is averaged over the left and right camera images to obtain the
final fitness valud” (¢,) consists of pose information[mm],
y [mm], z [mm], €1, €2, €3] (1, €2, €3 are quaternions).
The 3D model was created by using the information of the
ith candidate pose; is projected to the left and right camera
. images, and the correlation with the active 3D marker is
Light reaches ROV's cameras directly evaluated as the fitness value. The entered left and right camera
(b) Light transmission when active marker illuminates byfiesed ROV’s cameras receive the light. images are Used for evaluation W|th0ut performing image
rocessing. The search model matches the 3D marker when
ﬁ’ue relationship between various parameters of the camera
and kinematics is perfectly matched and the search model
accurately represents the shape of the recognition object. At

marker that relative to the fixed coordinate system of the ROVIS time, ' (¢;) is configured to take the maximum value, and
The evaluation function that is used forand the image taken the Pose¢; of the search model giving the maximum value
by cameras is defined by the previous research [ilineans 'ePresents the pose of the 3D marker.
pose of thei-th model that was given by the RM-GA.

The left or right image of the solid 3D model to estimate the
pose of the real 3D marker is shown in Fig. 2. This solid 3D
model is made from the point cloud that made from the color
and shape of 3D marker. The fitness calculation of equation j-th model
(1) is described as below. In Fig. 2, fitness value is calculateglaoping sphere: S,
by evaluating the inner spher&,, overlap the hue value of (Redsphereof

Fig. 1. lllustration of light transmittion using passive and active marker i
pitch-dark and turbid environment.

\

\1-‘— Inner sphere: S;;,
"_ Enveloping sphere: S,,;

(Green sphere of j-th model)
Green sphere of
real target

the image. The functiop (““r; (¢;)) is a function that gives i mode) IR
a score “1” when the-th model’Lr; (¢;) of the point group [ Blue sphere
of the model determined by thieth candidatep; of the pose y: of real target
overlaps with the active 3D marker. Inner sphere: Sy, W, D
~
1 (I;e:ie;p rt];,rge[ - /\Envdoping sph(_are: Sout
F (¢z) _ 5 (FL + FR) Inner sphere: S, (Blue sphere of j-th model)

Fig. 2. Left or right camera’s 2D image of the real 3D marker and model

1

Fo=vy Z p("r (4:))
TLr;(¢:)ESL,in($:i) IV. COMPARISON EXPERIMENT OF RECOGNITION
PERFORMANCE THAT USING ACTIVE AND PASSIVE3D
Y b)) | )
T (60 €50 (6 For comparing recognize capabilities by the conditions of
PROER Lot using two kinds of 3D marker, the recognition experiments
have been performed. The recognition experiments are con-
1 ducted in the simulated pool.
fr=y > p(Mren) P

TRy (¢:)ESR,in (1) A. Experiment Environment

The experimental layout of the recognition experiments is
shown in Fig. 3. Figure 3 shows the experiment environment
+ Z p (IRFJ' (¢i)) @) using active 3D marker and coordinate system of the ROV and
105 ($1)€SR.0ut (90) 3D marker.y",, and }",, are the coordinate system of the
Similarly, the evaluation of the fithess value is calculateBOV and passive 3D marker. The defined coordinate system
for the enveloping spher§,,,; of the search model. The innerof the experiment by using passive 3D marker is same as the
sphere of the red moded;,, is intended to evaluate the redexperiment by using active 3D marker. The ROV is fixed in



the pool so that the pose between the ROV and the 3D markiee correlation between the 3D marker and 3D search model.
is kept constant. Recognition distance is set to 400, 600, 800e recognition level is evaluated by using the average of
and 1000mm. the fithess value between 60s from the start of recognition.
Based on the average of the fitness value, setting Area | is
defined as dockable range. Area Il is recognizable range that
means dockable but not as reliable as Area I. Area lll is
sheet unrecognizable range. In the experiments, the superiority is
compared by the size of the recognizable range.
Active 3D Marker

V. RECOGNITION EXPERIMENTS

In the recognition experiment by using active 3D marker,
turbidity levels were divided into 46 parts from 0 to 2:48)?
L__> ml/m3. And, the distance between the ROV and 3D marker
400, 600, 800, 1000 mm .. .
L : Distance befween divided into 4 parts from 400 to 1000 mm. The total of
ROV and active 3D marker 184 (= 46x4) recognition experiments were conducted. The
amount of milk added each time is same as the experiment by
Fig. 3. Experimental environment using active marker. Photograph of RQ¥sing passive 3D marker. The reason for why it has different
and active marker in dark environment. range of turbidly environment between active and passive 3D
marker is that the recognition ability by using active 3D marker
- . is possibly better than using passive 3D marker. When the
B. Turbidity Environment distance between the ROV and the active 3D marker is 400
The turbidity environment is created by putting milk in thgnm it is the maximum turbidity that active 3D marker can
simulated pool. According to the other researchs [12], [13}e recognized.
there are 10 to 600 nm particles in milk. When light run The results of recognition experiments by using active
through the size of 10 nm particles, light will be scatteredp markers are shown in Table I. The amount of milk put
egually in front and rear dirgction.'When light run through thg,io the pool is shown in the first column. The second to
size of 100 nm particles, light will be scattered to forwardiih columns show the average of the fitness value on each
“Forward” means the traveling direction of light. In othegypgity level when the distances from the ROV to active 3D
words, the experiment using milk is possible to create thgsrker are 400, 600, 800 and 1000 mm. In Table I, Area
turbidity environment that considers the various light Scattelr'represents the docking available arga £ 0.60). Area I
ing. In [12], the maximum amount of milk 1:010% mi/m? represents the recognizable ar@a2? < F < 0.60). The
have been added. In [13], the maximum amount of millemaining area(Area IlI), represents that the 3D marker cannot
1.5x10% mi/m? have been added. Those researches descrifgfgetected by the RM-GAF < 0.22). All the fitness value
the monocular image recognition. There is no discussion giine taple is the average of the fitness value obtained from
pose estimation using the dual eye cameras. In this study, {hg recognition experiment of 60 seconds. In Fig. 4, real-time
pose recognizable range using dual eye cameras on differgn ayerage fitness values under the conditions designated by
turbidity and using active/passive 3D marker was analyze@‘) in Table | are calculated by averaging above real-time
Fir_1a||y, the e_xperimental results show that the superiority @faasurement result Fig. 4(a), and (B) and (C) in Table | are
using the active 3D marker. calculated by Fig. 4(b) and (c).

In the recogniti(;n expgerin_went by using active 3D marker, | ot ang right camera images of the ROV in the areas | to
maximum 2.4510" mi/m* milk have been added. One times; 516 shown in Fig. 5. The dotted line in the image shows

increase milk by 2.435 ml/iif2g) between 0 and 3.64i0 the pose of the 3D search model. In the images of area | and

mI/mz, 4.870 ml/mi(4g) between 3.6410 2and 115 102 II, it can be confirmed that the 3D search model converges to
mI/mB and 9.740 mi/m(8g) between 1.1910% and 2.4510 the 3D marker. However, in the Area lll, the 3D search model
mi/m?. cannot converge to the 3D marker. It can be confirmed that
C. Light Environment the result of the pose measurement of RM-GA is not correct.

The recognition experiment by using active 3D marker. The [N the previous work [15], the recognition experiments by
active 3D marker was used in the recognition experimeftSing passive 3D marker have been performed. The exper-
According to the previous experiments [14], the red LED ignental results are shown in Table Il. When the docking
set to 5.7mA, green LED is set to 3.4v4 and red LED is €Xperiments was conducted by using passive 3D marker, the

set t0 3.4mA. visual servoing was performed from the 600 mm between the
. N 3D marker and the ROV. By comparing the range of Area |
D. Comparison Method of Recognition Result in Table | and Table II, it can be confirmed that the result of

For the evaluation of recognition performance on differemtocking available and recognizable ranges of active 3D marker
turbidity environments, the fitness value is used to evaluadee larger than that of passive 3D marker. In this way, the



TABLE |

THE EXPERIMENTAL RESULTS BY USING ACTIVE3D MARKER

Distance mm

Milk mlin*(FT0) 400 600 800 1000
0(0) 0792(0.040) (A)0777(0.042) | 0803(0.044) | 0829(0.052)
2.43(0) 0.795(0.040) 0.863(0.043) 0.859(0.047) 0.802(0.051)
185(057) 0811(0.040) | 0885(0.043) | 0837(0.044) | 0.770(0.045)
7.28(0.77) 0.801(0.039) | 0.529(0.038) | 0824(0.042) | 0.797(0.045)
5.70(1.03) 0.845(0.036) | 0.847(0.038) | 0838(0.040) | 0.776(0.047)

12110012 0.865(0.038) | 0532(0.037) | 0849(0.040) | 0.786(0.042)

1.46410(16 0.852(0.034) | 0517(0.039) | 0842(0.038) | 0.767(0.042)

L7010(1.77) 0862(0032) | 0931(0.034) | 0816(0040) | 0722(004%) 4— Area [

1.94%10(1.7 0.854(0.032) 0.927(0.032) 0.818(0.039) 0.705(0.045)

218+10(2.47) 08540.031) | 0916(0.035) | 0806(0.038) | 0.707(0.035)

24341026 085(0.033) | 0917(0.033) | 0781(0.041) | 0.673(0.040) |

2.67x10(3.03) 0841(0.032) | 0890(0.032) | 0765(0.039) | 0.703(0.044)
291x1063.5 0.830(0.030) | 0.885(0.032) | 0772(0.037) | 0.608(0.038)
3.15x10(3.57) 0817(0.031) | 0850(0.029) | 0.750(0.037) | 0.613(0.043)

34010639, 0816(0.025) | 0875(0.034) | 0783(0.034) | 0610(0.040) |

3.6410(4.07) 0.803(0.028) (BJ0.840(0.033) | 0.781(0.031) | 0.607(0.040;

412,10(4.67) 0814(0.031) | 0818(0.030) | 07440035 | 03310039

461,10(5.17) 0.758(0.030) | 0.803(0.032) | 0687(0.034) | 0447(0.045)

5.09x10(6.87) 0.759(0.031) 0.805(0.035) 0.628(0.038) 0380(0.045) 94— Area II
5.5810(7.47) 0.779(0.025) 0.780(0.034) 0.617(0.031) 0.314(0.046)

6.06x10(3.03) 0792(0.030) | 0762(0.033) | 0560(0.03D) | 0.197(0.049)

6.55x10(8.67) 0.782(0.033) 0.741(0.034) 0.475(0.042) 0.168(0.043

7.03x109.17) 0793(0.033) | 0724(0.027) | 0491(0.035) ) 0171(0.040) S—Area III

75210098 0785(0031) | 0683(0028) | 0423(0043) | 0089(0033)
8.0010(10.57) 0763(0.031) | 0.674(0.028) | 0452(0.040) | 0.220(0.045)
8.49,10(1133) 0756(0.032) | 0645(0.032) | 0403(0.039) | 0187(0.045)
8.97,10(11.83) 0.732(0.033) | 0614(0.031) | 0345(0.041) | 0.154(0.045)
9.4610(12.23) 0719(0.031) [C)05S80(0.032) | 0244(0.028) | 0.094(0.035)

¥ 0.706(0.032) 0.572(0.034) 0.251(0.043) 0.108(0.037)
0703(0.033) | 0505(0.033) | 0218(0.039) | 0.051(0.024)
0.674(0.032) 0.469(0.036) 0.163(0.036) 0.049(0.024)
0670(0.033) | 0472(0.035) | 0167(0.037) | 0.053(0.028)

0.653(0.034) | 0.401(0.036) | 0142(0.036) | 0.041(0.020) |
125,102(18.33) 0.625(0.034) | 0285(0.036) | 0.108(0.037) | 0.049(0.023)
13810 (18.5) 0563(0.033) | 0272(0038) | 0065(0.028) | 0.054(0.027)
2 0.552(0.033) 1 0145(0.023) | 0070(0.031) | 0.046(0.022)
0524(0.033) | 0181(0.034) | 00650031 | 0.049(0.027)
0471(0.032) | 0.085(0.028) | 0045(0.025) | 0.049(0.025)
0387(0.030) | 01095(0.022) | 0052(0.025) | 0.0460.022)
0428(0.040) | 0092(0.021) | 0050(0.027) | 0.047(0.024)
0.508(0.031 0.091(0.023) | 0053(0.027) | 0.072(0.028)

0236(0.021) | 0.077(0.027) | 0073(0.033) | 0.042(0.020) |
0218(0.024) | 0.067(0.024) | 0052(0.027) | 0.040(0.015)
0198(0025) | 0065(0.029) | 0034(0.019) | 0038(0.015)
0.168(0.027) | 0.055(0.027) | 0045(0.024) | 0.047(0.023)

0167(0.025) | 0065(0.025) | 0045(0.024) | 0.044(0.020) |

TABLE I
THE EXPERIMENTAL RESULTS BY USING PASSIVE3D MARKER [15]
2 Distancelum 400 600 800 1000
Milk ml/'m*(FTU)

0(0) 0.687(0.048) (A)0.735(0.025) | 0.781(0.045) | 0.751(0.032) 4+— Areal
2.43(0) 0381(0.028) | 0892(0.022) | 0.761(0.023) | 0751(0031)
485(0) 0776(0.037) | 0838(0.028) | 0.724(0.026) | 0592(0.031)
7.28(0) 0524(0.028) | 0.823(0.031) | 0.663(0.026) | 0.555(0.035)
9.70(0) 0381(0.029) | 0749(0.028) | 0.576(0.033) | 0422(0.041)

1.21x10(0) 0.771(0.034) 0.746(0.029) 0.566(0.048) 0491(0.051) == Area I
1.46x10{0) 0.749(0.036) | 0.701(0.029) | 0.674(0.038 0.455(0.047)
1.70x10(0) 0712(0.028) | 0655(0.031) | 0.530(0.033) | 0303(0.055)
1.94510(3.03) 0702(0.029) | 0646(0.031) | 0.538(0.035) | (283(0059)
218,10(3.75) 0674(0.025) | 0.751(0.031) | 0.329(0.034) | 0.062(0.008)
2.43,10(4) 0.691(0.027) (B)0.706(0.034) | 0.397(0.044) | 0.058(0.007)
2.67x10(4.5 0679(0.029) | 0712(0.032) | 0325(0.033) | 0.134(0.020)
2.51,10(6.6 0.685(0.030) | 0.655(0.036) | 0.381(0.050) | 0.060(0.006)
315107 1 0670(0.030) | 0646(0.034) | 0298(0.034) | 0052(0.013)
3.40,10(7.5 0671(0.031) | 0653(0.036) | 0.215(0.035) | 0.055(0.016)
3.6410(7.6 0.651(0.031) | 0.589(0.037) | 0.258(0038) | o.0s8012) +—Area III
4.12,10(7.9 0642(0.028) | 059500.038) | 0.181(0046) | 0.185(0.046) |
4611087 0613(0.029) | 05840.038) | 0.161(0.044) | 0059(0.012)
5.09¢10(5.3 0622(0.009) | 05250.044) | 0.158(0.045) | 0.056(0.015)
5.5810(10.5) 0583(0.058) | 0294(0.039) | 0.124(0.046) | 0.136(0.056)
6.06x10(11.2) 0581(0.027) | 0216(0.039) | 0.098(0.036) | 0.153(0.038)
6.55,10(12.2) 0547(0.028) (C) 0.262(0.056) | 0.131(0.013) | 0.115(0.035)
7.03x10(13.3) 0568(0.032) | 00870.016) | 0.139(0.024) | 0.168(0.034)
7.5210(14.3) 0448(0.026) | 0217(0.027) | 0.053(0.020) | 0.060(0.010)
3.00,10(15.3) 0551(0.033) | 0.152(0.025) | 0.059(0.011) | 0.155(0.032)
$.4910(17.1) 0373(0.053) | 0.1170.015) | 0.061(0.012) | 0.167(0.034)
8.9710(18.3) 0489(0.041) | 0.148(0.032) | 0.150(0.020) | 0.145(0.036)
9.46,10(20.4) 0447(0.035) | 0.118(0.049) | 0.189(0.026) | 0.226(0.028)
5.54,10(21.4) 0426(0.037) | 0.156(0.023) | 0.150(0.024) | 0.146{0.023)
1.04¢102(23) Q400(0047) | 0.145(0.027) | 0.170(0.033) | 0.061(0.013)
1.09,102(24.2 0.100(0.010) | 0.126(0.047) | 0.130(0.024) | 0.143(0.057)
1.145102(264) 0089(0.017) | 0.1610.033) | 0.168(0.031) | 0172(0.048) |
1.195102(27.8) 0174(0.022) | 0093(0.025) | 0.212(0.023) | 0218(0.026)

as compared with the passive 3D marker.

VI.

EXPERIMENT IN THE ACTUAL SEA
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Fig. 4.

Averaged fitness value = 0.776

10 20

30 40 50 60

Time [s]

(a)

Averaged fitness value = 0.840

10 20 30 40 50 60
Time [s]
(b)
Averaged fitness value = 0.580
10 20 30 40 50 60
Time [s]
(c)

Real-time and average fitness value 0.776 under the conditions

designated by (A) in Table | is calculated by averaging above real-time
measurement result (a), and (B) and (C) in Table | are calculated by above

(b) and (c).

as software implementation in PC. Based on the error between
the desired pose and estimated pose, 3D motion controller
outputs control signals to control the thrusters of the vehicle.
Interface unit is for image capturing and digital to analog
converting between the vehicle and PC.

A. Underwater vehicle
active 3D marker can expand the visible space in turbid water

Hovering type underwater vehicle (manufactured by Kowa
cooperation) is used as a test bed as shown in Fig.7. Two
fixed cameras installed at the front of the vehicle are used for

Figure 6 shows the block diagram of proposed systemeal time pose tracking. In thruster unit, four thrusters with
Images from dual-eye camera installed on a ROV are senaximum thrust force of 4.9 each are controlled to move the
to the PC. Real-time pose estimation using 3D model basesehicle along desired path. The vehicle can dive up to 50 m
matching method and real-time multi-step GA is implementeahd two LED light sources are also installed on the vehicle.
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B. Docking Procedure

We designed docking procedure as shown in Fig.8. There
are three steps to complete docking operation.
(1) Approaching step: Normally, this step is performed using
long distance navigation sensor unit. In this work, the vehicle
was controlled by manually to approach the docking station
till 3D marker was detected by proposed system.
(2) Visual servoing step: After detecting 3D marker, relative
pose between the vehicle and 3D marker is estimated using 3D
model-based matching method and real-time multi-step GA.
Using estimated pose, the vehicle was controlled automatically
using proposed system to follow the desired pose.
(3) Docking step: When the vehicle is stable in defined
position for defined period for docking operation while visual
servoing, docking step is performed in which the vehicle
inserts its docking pole into the dock hole. Please note that
whenever the relative pose error exceeds allowance range, the

Fig. 5. Left and right camera images are taken under the turbidity conditio ; ; i ; ;
and considered distances, which are indicated by the arrow. Images takeg?egcess switches to the visual servoing as shown as P in Fig.8.

the maximum and minimum distances in clean water and at the maximum

turbidity, in which the active 3D marker is not observable, are also shown a

the top and bottom, respectively.

Underwater vehicle

|
Motion controller  [| PCI Interface 4 Thrusters

(Software Unit Left Image data Thruster Unit
Implementation)

Left and right
dynamic images

Right Image data

Estimated pose

|

|

|
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| : I
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Fig. 6. Block diagram of the proposed System
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(‘g) Approaching Step (c) Docking Step
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NO
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(b) Visual Servoring Step

Fig. 8. Flowchart of Docking Strategy

C. Sea trial experiment

Our team conducted the sea docking trial experiment near
Usimado city, in Japan for verifying the active 3D marker in
the real sea environment. The docking station was a rectangle
of 60 cm x 45 cm, oriented with the long sides perpendicular
to the shore. The ROV was tethered and connected by a cable
with 200 mm length to the onshore platform. For demonstra-
tion of underwater battery recharging, docking pole attached
on vehicle and docking hole fixed with active 3D marker as
shown in Fig.9 was designed. Therefore, the main task is
to insert docking pole into the docking hole automatically
controlling the vehicle by visual servoing. Firstly, the vehicle
approached to the dock by manually until the 3D marker was
in the field of view about 1.5 m distance. In visual servoing
step, the vehicle goes to the desired pose for docking. When
the vehicle is stable within desired pose, the vehicle goes ahead
to insert decreasing the distance between vehicle and target in
x-axis direction gradually until it reaches 350 mm.

Fig. 7. Overview of ROV (a)Front view (b)Side view (c)Back view (d)TopD. Experimental results

view

We conducted docking operation successfully by using
active 3D marker that originally failed in the same conditions
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Fig. 9. Docking Experimental Layout

Front Camera 2

by using passive 3D marker. Figure. 10 shows the fourth tin
trial docking experiment of the vehicle during docking proces
in the night time. Time profile of fithess value is shown ir
Fig. 10 (a). Recognized position of vehicle in x, y and z axi
is illustrated in Fig. 10 (b)-(d). It can be seen that dockin
step was performed when the position errors in y-axis and z-
axis were within predefined range that w&d40 mm. It can

be confirmed that the docking operation was success within
50s after recognition active 3D marker. Figure 11 shows the

Front Camera 1

ROV Left Camera

Docking pole

Front Camera 2 Front Camera 3
N

e

Docking hole

|

Active 3D marker

ROV Right Camera

Active 3D marker e A0 aF

Ad

« .

Docking pole

Fig. 11. Camera images added support line

ROV Left Camera

Docking pole .
Active 3D marker

L d

© .

|
[ Docking hole

Fig. 12. Camera images add support line

docking experiments in the night time. Figure 12 shows thgtween active and passive 3D marker. According to the
overlay images in Front Camera 2 and ROV Left Camera gkperimental results, it can be confirmed that using the active

Fig. 12 for emphasizing the result of the docking. In this wagp

marker is more recognizable under the high turbidity

the active 3D marker enables ROV to perform docking to thghvironment than using passive 3D marker. In addition, the

station in the dark and turbid environment.

docking operation in actual sea by using active 3D marker

is successful that originally failed in the same conditions by

Fitness value

(1]

(2]

zaxis direction [mm]

(3]

Time [s] Time [s]

(e) (d)

(4

Fig. 10. Fourth time trial docking experiment

(5]
VII. CONCLUSION
In this study, an active 3D marker was proposed to overcome
the problem of difficulty to recognize the target in the turbid[s]
environments. To confirm the effectiveness of the proposed
active 3D marker, milk was put into the pool to create turbid
environments. The recognition performance was compared

using passive 3D marker.
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