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ABSTRACT
In this paper we present the concept of a multi-AUV system interconnected by a smart cable that contains 3-D positioning
sensors for rapid inspection of large underwater structures in a limited mission timeframe. The smart cable provides not
only the position of the end-points (AUV locations) but also its own shape in real-time, while also acting as a communication
link between AUV. Using this cable, we propose the Hand-in-hand System (HS) for AUV localization and development of an
obstacle avoidance strategy to accomplish the given task. For the application of the smart cable under water, versatile tank
tests and ﬁeld experiments were carried out to demonstrate and conﬁrm the efﬁciency of the proposed system.

INTRODUCTION

DIFFICULTIES OF APPLYING MULTI-AUV

Marine structures such as bridges, dams and ports play an
important role in daily life, and this requires that routine inspection and maintenance work be carried out in dangerous underwater
environments. Robots can undertake these tasks more accurately
and efﬁciently than humans while eliminating risk to human life
(Ura, 1994).
In view of the introduction of robots, underwater structuresrelated tasks can be classiﬁed into 2 groups: construction/repair
and inspection.
• Construction/Repair. These tasks require powerful robots
with complicated maneuvers and dexterous manipulations to be
carried out; thus the human interface and power transmission via a
tether cable offered by ROV (Remotely Operated Vehicles) mean
that they can effectively undertake such tasks.
• Safety Inspection. Most safety inspection tasks involve collecting data such as taking photos of the targets and their environment, which are spread over an extensive area. Such tasks require
excellent maneuverability as opposed to intelligence.
Since most underwater structures are public facilities and are
difﬁcult to stop long-term for inspection tasks, the tasks require a
shortened mission time.
We propose a multi-AUV (Autonomous Underwater Vehicle)
system for the tasks. Taking advantage of the free movement of
AUV allows efﬁcient data collection over an extensive inspection
area with light deck supports. A multi-AUV-based system allows
for a shortened emission time. The proposed system can automate
the tasks and will improve the efﬁciency of inspection as well as
the safety of structures.

As the ﬁrst step, we propose as our research target autonomous
visual inspection, which is one of the most essential inspections
(Sisman, 1982). For applying the multi-AUV system to the inspection, the following difﬁculties should be overcome.
1. Navigation. For taking images of target objects, accurate
navigation and positioning ability are necessary. At the same time,
handling the load of an autonomous inspection system should be
more efﬁcient than manual.
Conventional navigation methods of AUV can be classiﬁed into
2 groups (Yu, 2001b). The ﬁrst is to use external guiding devices
such as transponders, landmarks or a magnetic signal (Asakawa,
2000). Continuous guidance makes for reliable and accurate navigation. But its installation and the maintenance load are heavy,
and this lowers the efﬁciency of the system.
The second group is dead reckoning by INS or gyro. This
method is the more efﬁcient of the two. But its error depends on
time-step and is continuously accumulated.
2. Sensing. Near underwater structures, the reliability and
accuracy of acoustic systems are adversely affected due to multipath, reverberation and shadowing (Japan Acoustic Committee,
1999). In many cases, predominantly metal structures or reinforced concrete cause magnetic anomalies and large magnetic sensor errors (Kondo, 2002; Japan Society of Naval Architecture,
1999). The inspection environment prevents the use of conventional sensing methods.
For taking images of targets, an AUV should identify them
under a severe underwater vision environment (Jaffe, 1990). The
conventional image recognition methods of an AUV need very
large computing power while its computing power is limited.
Their recognition becomes more difﬁcult when a target object has
been masked by marine biofouling and corrosion (Yu, 2002).
3. Communication and localization of multi-AUV. Limitations
of the underwater environment, such as the unreliable intercommunication link and poor localization accuracy of AUV, have been
the main difﬁculties in the way of realizing a multi-agent system
under water.
In order to build up a multi-agent system, a reliable intercommunication link and fast enough data transmitting speed should be
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guaranteed for the management and deployment of agents. Even
an acoustic modem, one of the most practical communicating
devices under water, often has its linking cut off. Its limited data
transmission speed (Catipovic, 1990) restricts AUV’s cooperation.
Cooperation of agents, one of the most prominent advantages of
a multi-agent system, and deployment require reliable localization
of each agent. But conventional methods have many difﬁculties
and uncertainties (Ura, 1994; Yuh, 1996).

HAND-IN-HAND SYSTEM
Most of the visual inspection task can be accomplished by these
2 stages.
Stage 1. Navigation: AUV move to target area.
Stage 2. Image Taking or Scanning: AUV then take images of
target objects or scan target surfaces.
We present the interconnected Multi-AUV system to pass these
stages.
Concept of HS (Hand-in-hand System)
Most underwater structures have landmarks such as sacriﬁcial
anodes, valves and water intakes of regular intervals (10 to 20 m)
in an extensive surface area. Utilization of these landmarks is one
of the alternatives in overcoming the aforementioned navigation
difﬁculties. In this case, navigation issues are reduced to how to
move from one landmark to another.
We propose the Hand-in-hand System (HS) (Yu, 2003) for the
landmark-based navigation system of AUV (Figs. 1 and 3). The
HS concept is analogous to climbing. When a couple of people go
to a mountain, they tie their bodies with a rope to help each other.
While one person climbs, the other keeps a stable position. Once
the climber has reached the stable location, they exchange roles.
As in the above example of human cooperation, AUV can help
each other if they are bound together with a cable. As shown in
Fig. 1, AUV1 can estimate its relative position from a landmark
via the vision system. Since the position of the landmark on the

Fig. 3 HS implemented by 2 AUV (Twin-Buger2 and Tri-Dog1)
structure is known, AUV1 can identify its global position. Usually,
visibility in the inspection ﬁeld is not less than 1 to 2 m, and this
short visual range restricts the localization area of AUV1 by the
landmark.
To overcome this localization problem, we have bound AUV1
and AUV2 with the smart cable (Lee, 1992, 1998) as shown in
Fig. 2. In the smart cable, there are many ﬁber-optics sensors, and
they provide not only the position of the end-points but also information concerning its own shape in real-time, while also acting
as a communication link between the AUV.
In the case where the cable is longer than the intervals between
landmarks, AUV2 moves to the other landmark using the smart
cable while AUV1 keeps its position by the landmark (Fig. 1).
Since the global position of AUV1 is known and the cable provides the relative position of AUV1 and AUV2, it can get its
global position for localization.
We consider the length of the smart cable from AUV1 to AUV2
within 10 to 20 m (interval between landmarks). Since the cable is
thin (1.3 mm) and ﬂexible enough to capture a human’s motion, it
hardly affects AUV’s movement. The proposed system can overcome the difﬁculties mentioned above and accomplish the inspection task.
Compared to a wireless multi-AUV system (Mathieu, 2002), a
wired- system HS has less mobility and more reliability of communication and localization.
If a task requires excellent mobility such as data acquisition
in the deep ocean, an unknown area, the wireless system might
be more efﬁcient than HS. But in the case of inspection, what is
needed is more reliability than mobility near structures—a known
limited area. Considering these requirements, the wired system
can be a practical alternatives to accomplish the task.
Navigation by HS (Stage 1)

Fig. 1 Concept of HS (Hand-in-hand System)

Fig. 2 Smart cable

Fig. 4 illustrates an example of the navigation method by HS.
The positions of sacriﬁcial anodes (inspection targets) are known.
AUV2 moves from B to D while AUV1 is keeping its position
at A. We have proposed the robust image recognition method of
inspection targets for AUVs (Yu, 2002). Using this method, AUV2
detects D and localizes by it. Then the AUV exchange their roles
and AUV1 moves from A to C in the same way. In this manner,
they can progressively navigate to any place in an inspection area
and Stage 1 is achieved.
The HS can be thought of as a single AUV system. Since all
AUV are linked, they share all sensing data and decisions. In the
event that hierarchical architecture is applied to HS, a predetermined supervisor can manage all interconnected AUV, as shown
in Fig. 29.

International Journal of Offshore and Polar Engineering, Vol. 14, No. 4, December 2004

Fig. 4 Navigation method of HS

267

Fig. 6 Example of obstacle detection by smart cable

Fig. 7 Obstacle situation

Fig. 5 Application of HS to rapid object inspection
The supervisor decides which AUV are station-keeping and
which AUV move based on preset information. They can move
from one landmark to others in a similar movement to Tarzan
moving between branches.
The proposed method can be applied to a planned inspection
such as the Kamgoto oceanic oil storage tanker (Sugimoto, 2002)
in Japan. Its extensive bottom inspection area is approximately
200,000 m2 , and the localization under the bottom is difﬁcult
because of severe acoustic and magnetic noises from the environment. The tanker has hundreds of sacriﬁcial anodes at regular
intervals.
Fig. 5 shows the schematic view of the bottom inspection by
HS. The concept of HS can be applied to a large number of AUV.
When one group of AUV keep position, the other group moves to
the targets. When they reach the targets and have ﬁnished localization, the groups exchange roles. Multi-AUV-based HS achieves
rapid inspection over an extensive area where the number of AUV
can be increased as required and the mission time is shortened in
inverse proportion to the number of AUV.
Obstacle Avoidance
During AUV maneuvers using HS, the smart cable may become
entangled with obstacles. When this happens, the smart cable provides disentanglements of the cable by using the instantaneous
3-D shape information, and AUV can detect the situation by its
unusual shape, as shown in Fig. 6. After detection, 2 kinds of
disentangling methods can be considered.
1. Active control of the cable’s shape. If we attach additional
small thrusters or self shape modifying materials, such as polymer
actuators, to the cable, its shape can be directly controlled to
disentangle.
2. Passive control of the cable’s shape. A tension by both end
AUV makes the cable’s shape a straight line and its position can
be controlled by them (Figs. 7 and 8). In this study, we use the
passive control method to disentangle.

Assume that AUV1 keeps its position while AUV2 is moving
to the landmark (Fig. 7). Before AUV2 reaches the landmark, the
cable becomes entangled with the short obstacle. AUV2 plans a
new path to avoid the obstacle (Fig. 8). During obstacle avoidance,
the role of the smart cable is one of a contact sensor, because it
requires contact with the obstacle to estimate its position.
Fig. 9 shows the Y-Z sectional view of Fig. 8. The distances
and movements denoted by Ys, Zs, Yc and Zc are predeﬁned and
DN (downward movement) and LT (left movement) are carried
out until the obstacle is detected. Until the cable is disentangled,
AUV2 brings the cable into contact with the obstacle and tries to
avoid it as shown by the avoidance algorithm in Fig. 10. Since
AUV1 cannot move because of its station-keeping, the distance

Fig. 8 Disentangling of cable

Fig. 9 Schematic view of avoidance
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Fig. 12 Difﬁculties of scanning

Fig. 10 Flow chart of disentangling

Fig. 11 Disentangling by AUV2
Ys should be converted to 1 as shown in Fig. 11. 0 is the initial
angle of AUV1, and Xk is the distance from AUV1 to the obstacle.
1 is obtained as follows:

1 = tan−1

Xk sin 0 + ys
Xk cos 0


− 0

(1)

Zs, Yc and Zc can be converted in the same manner. For changing
the straight length of the cable, the implementation of the winch
system to wind the cable can be considered.

For creating a mosaic image, joint images should have certain tied-points (Howland, 2000) in the overlapped area to combine them. But the background of most underwater images is too
monotonous or similar. The wrong tied-point may be picked, and
it lowers the accuracy of the mosaic image.
In order to overcome all these difﬁculties, we propose HS-based
scanning. Using laser points as artiﬁcial tied-points, AUV keep
their formation to generate a panoramic image.
As shown in Figs. 3 and 13, TB2 (Twin-Buger2; Balasuriya,
1997) and TD1 (Tri-Dog1; Kondo, 2002) have a pair of laser
pointers. As long as two AUV laser points exist in their individual
image, the overlapped area is guaranteed.
They can generate a panoramic image in real-time (Fig. 14).
Robot M, the leader, navigates by visual feedback using a welding
line of surface or dead reckoning. Others follow the leader by the
proposed tied-points by visual feedback. As a result, they rapidly
scan a target area as scanners.
The tied-points can be used for mosaic-making as well as scanning. They can also serve as the matching points for any stereo
vision which suffered from conﬁrmation of the points.
Since all AUV are interconnected with the smart cable, it provides relative positions of all AUV. When they lose the laser point
in their image, they can rapidly ﬁnd the lost point using the relative position.
As shown in Fig. 15, the proposed scanning method is especially effective for curved-surface scanning such items as columns
of bridges.
AUV carry out the inspection as follows. A guider AUV positions itself by GPS and other AUV scan a column by guiding line
from the guider. When the scanning is ﬁnished, they can move to

Image Taking and Scanning by HS (Stage 2)
When inspection targets are speciﬁc objects such as sacriﬁcial
anodes as shown in Fig. 5, the goal of inspection is accomplished
when AUV detect the target.
But in case that target is speciﬁc or is a whole area of structures whose safety is to be investigated, AUV have to scan the
area. Because of the severe underwater vision environment, most
AUV’s scanning ability is about 360 m2 /h, while structures’ surface area is from 10000 m2 up to 200,000 m2 . In many cases, multiple AUV have to scan the area simultaneously to accomplish the
scanning task within a limited time. The scanning has to be carried
out without blank areas, and taken images create a mosaic which
is essential for monitoring and analyzing the structures’ state.
For the entire scanning of a target area, any overlapped area
has to be identiﬁed (Fig. 12). To guarantee the area, AUV have
to recognize that area in real-time and exchange data of their
scanning state. It is extremely difﬁcult. Without visual feedback,
they depend only on navigational accuracy, and the area cannot
be guaranteed.

Fig. 13 How to generate panoramic image by laser pointers
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Fig. 16 Smart cable in wooden calibration case

SMART CABLE

Fig. 14 Formation of HS for high-speed photo scanning

For applying the cable to underwater tasks, a waterproof treatment has been carried out (Fig. 16). The black serpentine hose is
the sensing part (196 cm long) of the cable, and the controller of
the cable is enveloped by the pressure cylinder.
Tank tests were carried out to estimate the performance of the
cable (Figs. 17 and 18). Two cubic frames were manufactured and
positioned with steel wires. These wires guarantee the physical
location of the frames and their positions were changed on offsets
(Table 1).
In order to investigate the effect of water pressure, we conducted experiments at various depths with keeping the relative
position of frames constant.
Figs. 19∼21 present the estimated position error of the cable.
The maximum X, Y and Z positions (see Fig. 17) errors were
−3.48 cm, 18.34 cm and 7.61 cm, and averaged errors were

Fig. 15 Formation of HS for high-speed photo scanning
another column via the HS since  and d are known. When AUV
ascend, they communicate with the guider to move to the next
target.
For scanning, a camera should keep a relative position from
a surface of the target. A curved-surface scanning requires the
continuous movement of camera position and it is a heavy control
load for AUV. This scanning task has been hard to accomplish by
conventional methods. In the case of the proposed method, each
AUV camera can keep the correct position efﬁciently, and the task
can be accomplished.

Fig. 17 Experiment overview

Advantages of HS
The HS consists of 2 essential processes: station-keeping by
visual feedback, and dead reckoning by smart cable. Visual feedback is one of the most accurate estimation methods of positioning under water.
Searching reliability is a merit of it. Once AUV miss a target
and fail to detect it using INS or gyro, the possibility of ﬁnding
a target declines as time goes because of continuous error accumulation. In the HS case, the possibility does not decline because
the continuous error is reset by station-keeping.
Basically, HS requires only a vision system for each AUV sensor. One AUV redundancy such as a depth sensor can be shared
with all vehicles since the cable provides the relative positions
between them. This characteristic of HS can achieve a small
and simple AUV system with high handling and management
efﬁciency.

Fig. 18 Photo of experimental setup
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Level
Difference
Origin
Point
End Point
Offset Master’s from Master
to Slave
(Master Frame) (Slave Frame)
No.
Depth
1
2
3
4
5
6
7
8
9
10
11
12
Table 1

50
200

400

0
+50
−100
−50
0
+50
+100
−100
−50
0
+50
+100

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

95 0 0
95 0 50
95 0 −100
95 0 −50
95 0 0
95 0 50
95 0 100
95 0 −100
95 0 −50
95 0 0
95 0 50
95 0 100

Smart cable positioning offset (cm)

4 cm (0.7% of the sensing length), 5.8 cm (3.0%) and 4.1 cm
(2.2%), respectively. Figs. 19 and 20 conﬁrm that the accuracy of
the cable is indifferent to the depth. The precision of the cable
mainly depends on its curvature and sensing intervals. That hardly
depends on the length, theoretically.
As waterproof treatment, we inserted the cable into the back
hose without oil and wound rubber tape on the hose for sealing.
The tape caused strong twist of the cable. Due to this twist, the
Y-axis positive error was suddenly increased. In order to reduce
this error, other waterproof treatment such as a molding needs to
be considered. Fig. 21 represents the result of the Z-axis’ (depth

Fig. 19 X-axis position error

Fig. 21 Z-axis position error
direction) accuracy. The wires used to lift the frames caused an
unexpected subtle rotation under water and affected their Z-axis
positions.
Field tests were carried out to investigate the performance in a
realistic operating-environment ﬁeld and showed similar tendencies to the indoor test results. Consequently, experimental results
conﬁrm the availability of the smart cable under water.
Considering that the smart cable’s technology is still immature
compared to conventional sensors such as INS or gyro, it has considerable possibility of improvement in accuracy and reliability as
well as economic merit.

LASER RANGING DEVICE
For the proposed scanning of the HS, laser pointers have to
be mounted to each AUV. Using trigonometry, these points can
provide ranging data.
The position of the point is detected by the color extraction
method. We measured the physical distance from the camera to
the object and estimated a laser point position at CCD at that time.
The function to express these data’s relationship was obtained by
the method of least squares (Yu, 2001a).
As shown in Fig. 22a, let focus length be f , distance from
thecenter line of the camera be i, the physical distance from the
laser point in CCD to the camera center in CCD be a, the angle
of the laser pointer and the center line of the camera be 1 .
Distance Dist A from the camera to the laser point on the object
is obtained as follows:
Dist A = f i /f tan 1 + a

(2)

As shown in Fig. 22b, 2 laser pointers provide 2 points distance
of object. Let pointers’ interval be k, the relative angle of camera

(a)
Fig. 20 Y-axis position error

Fig. 22 Geometry of laser ranging device

(b)
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Fig. 23 Laser ranging device
and object 2 are obtained as follows:
2 = tan−1 Dist B − Dist A /k 

counterclockwise+

(3)

Fig. 23 shows the laser ranging device. It consists of 2 laser
pointers and a CCD camera. Fig. 24 illustrates the layout and
dimensions of the device. The 1 in Fig. 22a is 0 degrees.
The dimensions were determined by the AUV performance of
the vision system as well as dynamics. The value i at Fig. 22a
determines the ranging range and accuracy of the device. We manufactured the device to cover a wide range with high accuracy.
If the range is conﬁrmed, the device will be downsized and will
provide more mobility for each AUV.
Fig. 25 shows the experimental setup to estimate the accuracy
of the devices. Two ranging devices (one each for TB2 and TD1)
were installed on the metal rail. The rail guarantees the physical
distance and angle from the object to the camera. 2 in Fig. 22b
was 0 degrees.

Fig. 24 Dimensions of devices

Fig. 26 Distance estimation error

Fig. 27 Angle estimation error
Figs. 26 and 27 present the experimental results. Within 2 m
(the usual visual range in the ﬁeld), estimated errors were under
1 cm and 1 degree.
Considering most AUV’s positioning accuracy (a few centimeters, and a few degrees), the ranging devices have enough accuracy for localization.
We carried out a ﬁeld test to estimate the laser pointers’ performance, and several problems were reported. The point was not
detected when: 1. a laser point was shot to a deep crack (no
reﬂection); 2. the reﬂex of a laser point was blocked by an obstacle; and 3. the background’s refection of the laser point was poor
(background was covered with sea plant or shell).
When the laser points moved, the ﬁrst 2 cases lasted a short
moment. They can be overcome using other sensing redundancy
for AUV positioning. The third case can be improved by increasing laser power (up to decades watts) and using short wavelength
lasers such as green or blue (less attenuation under water).

MULTI-AGENT MANAGEMENT POLICY

Fig. 25 Experimental setup for ranging devices

In a hazardous environment such as the underwater environment, the securing of a robot’s reliability is the most important matter. Compared to a stable hazardous environment such
as inside chemical tanks, the underwater environment has many
unknown factors and irregularities which lower the reliability of
a robot. A deployment of multiple robots also lowers reliability
in inverse proportion to the number of robots.
The management strategy of the HS is concentrated on securing
the reliability of the system more than its efﬁciency. We adopt the
central control strategy with a rule-base model to secure reliability
in the underwater environment.
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Fig. 29 High-level architecture of HS

Fig. 28 Conﬁguration of HS
Each AUV’s priority is decided in advance when considering
its assigned role in a mission and the reliability of its sensor information. The breakdown of an AUV may cause a critical problem
to the whole system. To prevent this problem, the HS loads redundant AUV to undertake the AUV-breakdown role.

SYSTEM DESIGN
In order to demonstrate the performance of the HS, it was
implemented by 2 AUV: TB2 and TD1 (Fig. 3). Each AUV has
one external vision unit and both units are interconnected with
the smart cable (Fig. 10).
The HS adopted a conventional PID controller for AUV stationkeeping and movement. As shown in Fig. 28, AUV were controlled by a host PC via cables. All processes ran 10 Hz and they
had asynchronomous communication with each other through the
shared memory in the host PC.
Fig. 29 illustrates the high-level architecture of HS. Based on
hierarchical architecture, each AUV has its own control module, and the supervisor manages these modules, including system
operation.

CONCLUSIONS
As structures age, their periodical safety inspections become
more important. We proposed the interconnected multi-AUV system for using AUV to perform automated safety inspection tasks.
Automation of the tasks can improve their reliability and efﬁciency.

Since the HS is an interconnected system, the supervisor can
make a decision using all of the AUV sensing data. The sharing
of sensing data can improve the reliability of each AUV as well
as of the whole system.
All sensors have their advantages and handicaps. The HS fused
2 sensing methods: vision and the smart cable. Their handicaps
were overcome by their advantages, and the fused data pointed
up the capability of the system. Since available sensing methods
are limited under water, development of an efﬁcient sensor-fusion
technique is important for developing the AUV’s capability.
The ﬂexible scanning ability of the HS has a prominent advantage in a ﬂuid environment. The HS, one of the multicoordinate
robot systems, can bring on versatile applications such as the
inside inspection of a spherical chemical tank.
In order to extend the capability of HS, the optimal management method of AUV has to be developed within the limitation
of the cable.
Numerous ﬁber-optic communication cables have been laid
under water, and they have shown almost the same physical characteristics in that environment as in the air.
Recently, ﬁber-optics-based sensing technology has been brilliantly developed and they bring out versatile applications. The
smart cable is one of them. Other applications such as ‘e-textiles’
(Marculescu, 2003) which can detect breaking points of ﬁbers,
also have great potential as underwater applications. They have
much possibility and one of them can be a breakthrough of conventional difﬁculties in underwater tasks.

APPENDIX
A Smart Cable. We introduced the commercial ﬁber-optics positioning sensor Shape Tape (Shape tape webside) as the smart
cable. This cable contains ﬁber-optics sensors in regular intervals.
They provide 3-D position and rotation data for each sensing point
by integrating the vectors at each sensing point at which the cable
is able to provide its shape. The sampling rate is 110 Hz, which
is enough for AUV because of their slow movement.
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The accuracy of the cable is known to be 2% to 3% of the
length under reasonable conditions. The accuracy mainly depends
on the curvature between each sensing point where the cable cannot precisely estimate its shape.
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