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mous underwater vehicles (AUVs), have become impor-
tant tools in undersea inspection and surveying. These 
AUVs dock to a mooring system to charge onboard bat-
teries and exchange data; these are essential techniques 
for the operation of underwater observatories. Mooring 
cables also function as navigational landmarks for AUVs 
to locate their position while working around a mooring 
station. This study presents a technique for positional 
tracking of a mooring cable using a biomimetic AUV 
(BAUV). The low propulsive effi ciency and poor maneu-
verability of conventional AUVs while hovering remain 
challenges for AUV designers. BAUVs mimic fi sh and 
have an excellent ability to perform precise hovering and 
agile turning; they have therefore received considerable 
attention from the research community. The design of 
the BAUV in this study is based on a fi sh motion model 
and has sensing, behavior planning, and motion control 
abilities. Sonar and two video cameras are installed on 
the head of the BAUV to detect environmental objects. 
Figure 1 presents the shape of the BAUV. The approach 
used for guiding the vehicle to an underwater docking 
station using mooring cable tracking fi rst estimates the 
station location using sonar, and the BAUV then pro-
ceeds to a location within visible range of the mooring 
cable. A visual guidance mode is then activated to reach 
the mooring cable with good precision. Doppler sonar 
is typically utilized as velocity sensors for AUV guidance 
and navigation. Positional uncertainties derived from 
Doppler sonar increase over time. Positional informa-
tion of underwater features observed by BAUV visual 
sensors reduces the positional uncertainty of a BAUV 
and increases the estimated precision of the mooring 
cable position.

In previous work, an optimal body spline allowing a 
BAUV to swim forward was identifi ed by optimizing 
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Abstract  This study presents a localization system using 
visual information for guidance and navigation of a bio-
mimetic autonomous underwater vehicle (BAUV). The 
BAUV tracks a mooring cable using two cameras and 
sonar. Sonar has good accuracy in detecting longitudinal 
distances but is poor in detecting lateral distances. Since 
a stereo image has quantization errors, for the cameras, 
measurement errors in lateral directions are less than 
those in the optic-axis direction. An extended Kalman 
fi lter was employed to combine observational informa-
tion derived from the cameras and sonar of the mooring 
cable position with the navigation data of the BAUV. 
This work demonstrates, using water tank experiments, 
the effectiveness of the proposed tracking technique in 
decreasing uncertainty in position estimations of the 
BAUV and mooring cable.

Key words  Estimation · Visual motion · Kalman fi lter · 
Control · AUV

1 Introduction

Considerable effort within the oceanographic commu-
nity has been devoted to developing underwater obser-
vational systems (Howe et al.1). To facilitate water 
column sampling in the ocean, a fi xed mooring system 
with communication capabilities and a power coupler 
are typically utilized. Undersea vehicles, such as autono-
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performance criteria using genetic algorithms (Guo 
et al.2). A waypoint tracking controller was designed 
that guides the BAUV (Guo3). Many successful robot-
guidance schemes have been utilized for investigating 
visual tracking for navigation. Most schemes involve 
mobile robots and on-board mechanisms that control 
the viewing direction of visual sensors (Miura and 
Shirai,4 Moon et al.,5 Davison and Murray6). Guo et al.7 
proposed an on-line viewpoint and motion planning 
method for a BAUV to reach a target position under 
uncertainty. For submarine vehicles, Williams et al.8 
used a Kalman fi lter-based approach and feature extrac-
tion algorithms for localization and map generation. 
The feature extraction algorithm extracts appropriate 
features that are then utilized to create a map of the 
environment while simultaneously estimating vehicle 
location.

This study incorporates environmental observations 
with navigation data for estimation of the BAUV’s posi-
tion and the position of environmental features. A feder-
ated fi lter was utilized to combine estimated states and 
error covariances from sonar and binocular vision, 
respectively. The BAUV control system uses combined 
information as feedback for way-point control. The 
main contribution of this study is the proposed mooring 
station tracking algorithms for a fi sh-like underwater 
vehicle. An estimation and control method was devised 
for cable position tracking. This method was experimen-
tally verifi ed to enable a biomimetic underwater vehicle 
to fi nd and to reach a mooring cable. The remainder of 
this article is organized as follows. In Sect. 2, mathemati-
cal models of motion and observation uncertainties are 
described, and the proposed data fusion approach utiliz-
ing observational information for updating states and 
their uncertainties is presented. The hardware arrange-
ment is described in Sect. 3. Experiments conducted in 
a water tank for verifi cation of the proposed tracking 
algorithms are also presented in Sect. 3. Finally, conclu-
sions are given in Sect. 4.

2 Modeling

The vehicle state, X = [x y y]T, consists of the head 
position (x, y) of the BAUV and orientation y. Control 
inputs are denoted by input vector U = [u g  ]T, which 
comprises advancing velocity and angular velocity. 
Velocity u is controlled directly by the oscillating fre-
quency and oscillating amplitude of the tail, whereas 
angular velocity g is controlled by the body-spline offset 
parameter (Guo and Joeng9). The state transition of the 
BAUV can be expressed by the following nonlinear 
equation:
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where Xt+1 is the predicted state at time t; xt, yt, and yt 
are positions and orientation of the BAUV at time t; ut, 
vt, and gt represent translational and rotational velocities 
of the BAUV; and Δt is the time interval. To predict the 
uncertainty of Xt+1, Eq. 1 is linearized using the Taylor 
series expansion around mean values X̂t and Ût:
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The covariance matrix of the predicted state error cova-
riance, ΣXt+1

, can be obtained by:
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where E produces the expected values, ΣU is the covari-
ance matrix of the control input. Assuming that errors 
in the control vector are Gaussian and independent, the 
positional uncertainty of the BAUV can be illustrated 
by projecting the covariance matrix ΣX into the horizon-
tal plane.

For a mooring cable located at L = [Lx Ly]
T in world 

coordinates, the observational equation can be expressed 
as:

L R O X= +[ ]ρ  (4)

where R[r] is the rotation matrix with angle r. Equation 
4 is a constraint equation for the BAUV at state x that 
generates observation O of an unknown feature L. 
Figure 2 illustrates coordinates for the sensors and the 
target. Equation 4 can be rewritten as:

G X O L L R O X[ ]( ), , = − − =ρ 0  (5)

Fig. 1. Photograph of the biomimetic autonomous underwater 
vehicle (BAUV)
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Equation 5 can then be written into the following 
expressions for camera and sonar measurements. The 
observational equation for camera measurements is 
defi ned as:
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where f and 2a are the camera focal length and the dis-
tance between the two cameras, respectively. Projected 
position I = [xl xr]

T includes an error caused by image 
quantization. Errors xl and xr can be modeled as Gauss-
ian errors and are independent (Miura and Shirai4). 
Conversely, the observational equation for sonar mea-
surements can be represented as:
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These equations are linearized using the Taylor series 
expansion around mean values X̂, Ô, and L̂:
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Equation 6 can be rewritten into the following linear 
equation:

Y HX V= +  (7)
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In Eq. 7, Y is a new observation, H is the linear trans-
formation from X to Y, and V is the observational error. 
The covariance matrix of observation ΣV, which 
consists of observational uncertainty ΣO and positional 
uncertainty of the mooring cable ΣL, is expressed as
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We assume that the global position and the positional 
uncertainty of the docking station are known. Positional 
estimate L̂ is fi rst estimated made by sonar. When the 
cable is in the cameras’ visible range, view points of the 
BAUV can be planned thereafter using observational 
data acquired by the video cameras. Based on the obser-
vation and estimation of the cable location, the state and 
the uncertainty in the state of the BAUV can be esti-
mated and updated using a Kalman fi lter, as expressed 
by the following equations:
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where X−t and ΣX−t
 are the estimated state and covariance 

matrix, respectively; X̂t and ΣX̂t
 are the predicted state 

and covariance matrix, respectively; and K is the Kalman 
gain. The elements in Eq. 9 are derived separately for the 
cameras and sonar; in other words, each fi lter is dedi-
cated to an individual sensor system. We assume that the 
estimation of each fi lter is independent. Given the 
outputs of a set of fi lters for the camera and sonar with 
state estimates X−c and X−s, and their corresponding error 
covariances Σx−c

 and Σx−s
, following data fusion, the state 
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Fig. 2. Coordinate systems for the sensors and the target. 
a Camera, b sonar
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estimation is considered a linear combination from state 
estimates (Carlson10):
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3 Control

This section presents the control laws that control the 
BAUV when tracking a mooring cable. The control 
scheme fi rst transfers body/caudal fi n oscillations to the 
body-spline oscillations. A body-spline equation is uti-
lized to represent the centre line of the BAUV body by 
continuously coordinating the joint angles such that they 
match the desired shape of the body spline in the BAUV 
body frame. Figure 3 presents a conceptual view of the 
body-spline shape. In Fig. 3, y(x, t) is the body-spline 
equation, c1 and c2 are coeffi cients of the envelope, k = 

2p/l is the body wave number, l is the body wavelength, 
and fc is the oscillation frequency. When the BAUV is 
turning, the parameter offset has a non-zero value. The 
body-spline equation representing the BAUV bodily 
motion is:

y x t c x c x A kx f t offsetc, sin( ) = +( ) +( ) +( )1 2
2 2π  (11)

According to (Guo et al.2), the BAUV body spline is 
obtained using coeffi cients c1 = −0.075, c2 = 0.017, and 
l = 3.6. The operational ranges of parameter values are 
determined based on the angular limitations of the joint 
motors. The parameter offset determines the offset of the 
fi sh body spline while swimming. Variable A approaches 
1 when using the full envelope of the caudal fi ns and A 
is reduced to zero when no caudal fi n motion is required. 
The maximal swing of the body is set to ⎜offset ⎜ = 2 and 
A = 1; q1, and q2 are joint motor positions determined by 
the body-spline equation.

The swimming behavior of the BAUV in relation to 
bodily motion was examined by experimentation using 
the free-run BAUV test bed. Swimming behavior curves 
demonstrate the relationship between A, fc, offset, surge 
speed u, and yaw rate q̇b of the BAUV (Fig. 4). The surge 
speed can be controlled by tuning A or fc, and yaw rate 
can be modulated by tuning offset.

Figure 5 presents the overall feedback diagram for the 
control system. In Fig. 5, the target is the desired cable 
position in the global coordinate frame, q d is the desired 
global heading for the BAUV, and e is the heading error. 
The global controller provides commands to the body-
spline controller and ensures that y → q d based on state 
feedback. A proportional gain is employed for the global 
controller such that offset is proportional to heading 
error e. Filters 1 and 2 are Kalman fi lters for the sonar 
and the cameras, respectively. Estimates derived from 
Filters 1 and 2 are combined by a master fi lters, as in 
Eq. 10.
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Fig. 3. BAUV body spline. c1 and c2 are coeffi cients of the enve-
lope, A indicates the extent of tail movement, k is the body wave 
number, fc is the oscillation frequency of the tail, and offset is non-
zero if the BAUV is turning
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Experiments

In stereo imaging, the object distance is determined 
based on the disparity between two images captured 
using parallel cameras (Matthies and Shafer11). As the 
BAUV approaches the target, the disparity in the image 
plane does not refl ect the real distance and involves 
errors. Since uncertainty increases with distance, it can 
be modeled using a weighting function whose magnitude 
is inversely related to object distance, i.e., a covariance 
matrix with structure VVT = wM, where w is a scalar and 
M is an identity matrix. Uncertainty caused by quantiza-
tion error is:
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In Eq. 12, ∂
∂
Z
I

 is the matrix of the fi rst partial 

derivatives of O.
Uncertainties arise from the sonar because range 

readings produced by the system do not always corre-
spond to objects at that range (Benet and Blanes12). Echo 
strength decreases as the range increases, and the rela-
tionship between sonar range and noise is modeled. A 
mathematical relationship between ranges and variances 
is established using a least-squares method; n pings were 
recorded for a target of known distance. Defi ning:
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where xi, i = 1, . . . , n, is the nth distance reading. A 
quadratic polynomial, y = a0v0 + a1v1 + a2v2, was utilized 
as the fi tting equation. Let Cs be the n × 3 matrix Cs = 
[v0, v1, v2]. The coeffi cients can be approximated by:

a

a

a

T

0

1

2

1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

= −( )C C C yT
s s s  (14)

The experiment was conducted in a water tank 120 m 
long, 8 m wide and 4 m deep. The target was set 4 m in 
front of the BAUV. Sonar was fi rst used to detect the 
mooring cable position. When the BAUV approached 
the mooring cable in the visible range, the new waypoint 
information from the sonar measurement was combined 
and then updated with measurements from the CCD 
cameras. Figure 6 shows the CCD cameras and sonar 
mounted on the BAUV. Figure 7 shows images captured 
from the right camera when the BAUV was approaching 
the cable. Images were processed through thresholding 

BAUV
Body

controller
Global

controller

e offset
1tan-

dθ

Filter 2

Filter 1
Master
Filter

Camera

Sonar

+

+

- -
Target

Position

Estimated
Position

Fig. 5. Block diagram of the control system. q d is the 
desired global heading for the BAUV and e is the 
heading error

Fig. 6. The CCD cameras and ranging sonar mounted on the 
BAUV
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and edge detection to acquire a value for the target dis-
tance. Figure 8 presents the positional data measured 
using Doppler sonar, and the cable positions estimated 
by the ranging sonar and CCD cameras. To combine 
data from the sensors, the federated fi lter algorithm pre-
sented in Sect. 3 was used. The federated fi lter estimates 
BAUV positions by fusing measurements from the 
Doppler sonar, the ranging sonar, and CCD cameras. 
Figure 9 shows the BAUV positional uncertainty calcu-
lated by the ranging sonar and CCD cameras, respec-
tively. The vehicle fi rst used ranging sonar to detect the 
cable position. At fi rst, large uncertainties existed in the 
x and y directions. After the ranging sonar received data 
for the relative distance between the BAUV and the 
cable, the uncertainty in the y direction decreased much 
more than the reduction in the x direction. Finally, when 
the BAUV was close to the mooring cable, camera mea-
surements were utilized to decrease the uncertainty in the 
x direction. The trajectory record shown in Fig. 10 indi-
cates that the position of the BAUV was estimated accu-

rately; the fi nal position of the BAUV was at the mooring 
cable.

4 Conclusions

This work presents a control system for underwater 
tracking of a mooring cable using active sensing for a 
BAUV. A sonar and CCD cameras were employed as 
sensors to detect and estimate the mooring cable posi-
tion. A Doppler velocity log was used as the internal 
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sensor to estimate BAUV location. First, the BAUV 
searches for a cable position that indicates the mooring 
station location using ranging sonar. An extended 
Kalman fi lter was developed based on the BAUV kine-
matics for navigation in an unknown environment with 
data for positional uncertainty. When the BAUV swims 
toward a target that is close, environmental data from 
ranging sonar and binocular vision is utilized to estimate 
the cable position. A federated fi lter was applied to 
combine estimated states and error covariances from 
both sensors. The positional information from the feder-
ated fi lter was then utilized as feedback data for the 
BAUV control system. Tank experimental results suggest 
that the BAUV can successfully locate and track an 
underwater mooring cable, verifying the utility of the 
proposed approach.
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