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Abstract— This paper describes the development of a novel
vision-based Autonomous Surface Vehicle with the purpose of
performing coordinated docking manoeuvres with a target,
such as an Autonomous Underwater Vehicle, at the water’s
surface. The system architecture integrates two small processor
units; the first performs vehicle control and implements a
virtual force based docking strategy, with the second performing
vision-based target segmentation and tracking. Furthermore,
the architecture utilises wireless sensor network technology
allowing the vehicle to be observed by, and even integrated
within an ad-hoc sensor network. Simulated and experimental
results are presented demonstrating the autonomous vision-
based docking strategy on a proof-of-concept vehicle.

I. INTRODUCTION

Traditionally, logistical support for the deployment, oper-
ation, communication and localisation of Autonomous Un-
derwater Vehicles (AUVs) has been provided using manned
vessels at considerable expense. However, there is now in-
creasing interest in the use of Autonomous Surface Vehicles
(ASVs) to provide an automated solution for localisation
and communication between surface and subsurface robotic
vehicles. For example, moving baseline navigation for the
Odyssey AUV was demonstrated using multiple SCOUT
ASVs developed by MIT [1], [2]. A similar study was con-
ducted by Pascoal et al. [3] using a catamaran style vessel.
Other applications, such as [4], considered the formation
control of ASVs for marine security applications.

A recent review of ASV technology by Caccia [5], de-
scribes how ASV prototype systems have been developed for
both research and military applications. The primary areas of
research identified in the literature have focused on vehicle
design and construction [1], [6]–[9], navigation and con-
trol [10]–[12] and path-planning and obstacle avoidance [6].

However, we have identified an opportunity to develop
systems that extend the capabilities of an ASV to deploy, re-
cover and transport AUVs. This would significantly improve
the operational logistics associated with offshore underwater
and surface robotic systems and is the focus of this paper.

Figure 1 shows an illustration of the CSIRO multi-AUV-
carrying ASV concept. The purpose of this robotic system is
to carry a number, typically 4, Starbug AUVs [13] to strategic
locations for underwater monitoring tasks. Once at the loca-
tion, the ASV automatically deploys an AUV, then moves
to the next location to repeat the process. Once an AUV
has completed its mission, it surfaces and rendezvous with
the ASV where the two vehicle’s coordinate their actions to

dock and the AUV is lifted out of the water. The AUV’s can
then upload data as well as recharge themselves from the
ASV’s onboard solar panels whilst being transported to the
next survey location.

(a) Topside view (b) Underside view

Fig. 1. The CSIRO multi-AUV carrying ASV concept. The top surface of
is covered in solar panels for propulsion as well as recharging the AUVs,
which are carried on the underside of the ASV.

There are a number of research challenges relating to
both the AUV and ASV to realize this coordinated control.
Considered here is the first step in enabling an ASV to
automatically detect a target, such as an AUV, floating on
the surface and robustly manoeuvre itself over the target.
As an initial approach to target identification a vision-based
solution was adopted.

A recent study by Martins et al [14] also considers a vision
system for the docking control of an ASV and they provide
some experimental results of the system in docking with a
torpedo style AUV. Our solution differs from [14] in that we
desire the entire system to operate from a series of distributed
low-power processors, and therefore, the vision and vehicle
control systems proposed use different approaches for image
segmentation and trajectory control.

This paper describes the first step in realising the multi-
AUV carrying ASV through the development and experimen-
tal demonstration of a coordinated vision-based docking and
control strategy for automated retrieval of a surfaced AUV.

A. Paper Outline

The remainder of this paper is structured as follows;
Section II gives an overview of the Starship ASV used
in this investigation. Section III describes the vision-based
target identification system, with Section IV describing the
Potential Field vehicle control strategy. Simulation results
of the docking strategy are shown in Section V, with the
experimental performance in pool and lake trials evaluated
in Section VI. Finally, Section VII concludes the paper and
proposes further work.
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Fig. 2. The Starship ASV prototype.

II. STARSHIP ASV

In order to prove the vision and control systems, a small
low-cost ASV was developed. The prototype design, known
as Starship, is of a twin hull (catamaran style) construction
that allows the target, the Starbug AUV [13], to fit between
the two hulls for deployment, retrieval and transportation.
Figure 2 shows the Starship ASV as used in this study.

The ASV is 2.0m long and 1.3m wide with the hulls
constructed from PVC pipe. The vehicle’s buoyancy has
capacity to lift a 30kg object out of the water. Forward and
rotational propulsion is provided by two fixed AUV thrusters,
manufactured by Seabotix, located at the rear of the vehicle,
one on each hull. The camera system is installed on top of
a tripod and slanted downward to allow improved field-of-
view for target detection in the water. The vehicle’s power
is provided by a series of batteries stored in the tubes on the
top of each hull.

The system consists of three primary modules; the ASV
controller, the vision system, and the base station. The
ASV controller uses the FleckT M [15], [16] wireless sensor
network board as the core processor. This controller performs
the vehicle control, obstacle avoidance, mission execution,
and interfaces with external wireless sensor networks and
the base station. FleckT M GPS and Inertial Measurement Unit
(IMU) expansion boards provide the navigation sensing. Fur-
thermore, it has the ability to control the Seabotix thrusters
through an I2C bus.

The vision system consists of an OmniVision OV7640
color CMOS camera and a Blackfin 600MHz DSP for
local image processing. The vision system communicates the
processed target tracking results to the Fleck ASV controller
via an RS232 serial link. The system also offers a Ethernet
connection for debugging and viewing of raw and segmented
images.

To allow remote wireless access to the Starship ASV, a
PDA was connected serially to a FleckT M and used as a
base station. The base station allowed rapid development and
task assignment for the ASV with the ability to wirelessly
set control gains and various docking parameters. Through
the addition of a GPS, the base station also has the ability to

(a) Original image (b) Raw segmented image

(c) Morphologically processed im-
age

(d) Final image

Fig. 3. Stages of image segmentation and morphological functions.

act as a surrogate docking target for testing purposes. Further
details of the hardware and system architecture are presented
in [17].

III. VISION SYSTEM

The target identification and tracking system was imple-
mented on the Blackfin processor running a Linux operating
system. The image capture and processing software was
written using the DDX middleware [18]. The ASV vision
system has four primary functions: (1) Target segmentation,
(2) lens distortion correction, (3) image to global coordinate
transformation, and (4) robust target tracking.

A. Target Segmentation

As the desired targets are primarily yellow in color, such as
the AUV or a life-jacket, a color-based image segmentation
technique was employed. The captured 640x480 pixel RGGB
Bayer image is subsampled to 320x240 pixels and converted
to the HSV color space for segmentation. HSV [19] was
chosen due to better color constancy compared to other
representations such as YUV. As yellow appears within
an angular range in HS space, each pixel was evaluated
and accepted if it was within a pre-specified color range.
Figure 3(a) shows an example image showing the AUV target
with Figure 3(b) showing the raw segmented image.

A dilation then erosion morphological operation is per-
formed on the raw segmented image to remove random noise
as shown in Figure 3(c). Finally, a segmented “blob” cluster-
ing strategy as described in Section III-D, is used to select
the final target. Figure 3(d) shows the resulting segmented
target for the example image. This entire image segmentation
process ran at approximately 2Hz on the Blackfin processor.

B. Distortion correction

To correct the effects of lens distortion in the image, the
radial distortion model [20] was used and implemented in
software using the OpenCV library. To improve processing
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Fig. 4. Effect of target position estimate with distortion correction using
the ASV vision system.

Fig. 5. Geometry of the vision system on the ASV.

performance, only the segmented pixels from the previous
section were corrected and the target area recalculated and
the centroid of the target estimated.

The effect of distortion on the estimated position of the tar-
get with respect to the vehicle is illustrated in Figure 4. This
figure shows that without distortion correction, the estimated
target centroid position can be up to 5% in error from the
actual measured position. Here the estimated target position
is calculated using the method described in Section III-C.

C. Coordinate Transform

Figure 5 shows the basic geometry for the vision system
on the ASV where the camera is located at a height hc above
the surface plane and is tilted at an angle θc down from the
horizontal. The origin of the vehicle (and camera) centred
coordinate system is directly below the camera on the water’s
surface with the x-axis forward, and the y-axis pointing out
of the page.

The coordinates of the target centroid with respect to the
vehicle coordinate system (xt ,yt ) are given by

xt =
hc

tan
(

θc − tan−1
(

vt
fv

)) (1)

yt =
−ut dtx

fu
(2)

dtx =
√

h2
c + x2

t (3)

where ut and vt are the centroid coordinates of the segmented
image as determined in Section III-B (origin at the center of
the image), and fu and fv are the camera focal lengths in the
image u- and v-directions respectively.

To account for the motion of the ASV during experiments,
the target position was transformed to the global coordinate
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Fig. 6. Measured and expected target size with distance from ASV vision
system for 3 docking missions.

system by a Euler angle homogeneous transform using the
measured roll, pitch and yaw from the FleckT M IMU.

D. Target Tracking

Target selection is based on consideration of the nb largest
segmented “blobs” within the image (3 ≤ nb ≤ 8). The area
of each blob is scaled based on its distance away from
the vehicle to compensate for camera perspective effects.
A clustering algorithm was developed which maintains a
register of these scaled blobs in close proximity to each
other. The algorithm estimates the area of each cluster and
its vehicle centred centroid coordinates. A validity measure
is given to each cluster based on its temporal stability within
the image and its size compared to the expected target size.
The cluster with the highest validity measure is selected as
the target.

Figure 6 shows a comparison between the observed target
image size and a theoretical prediction of the image target
size with distance from the camera during a series of vision-
based docking manoeuvres. As seen, the selected target
size corresponds well for distances greater than 1.5m. At
distances below 1.5m, the target begins to move beyond the
camera’s field-of-view and an underestimate of the area re-
sults. However, in general, the vision and clustering tracking
algorithms are capable of reliably determining the size and
location of the target.

IV. ASV DOCKING CONTROL

In order to dock with a target of interest, the ASV must
be capable of moving from its current pose, given by P
= (xss,yss,ψss), to a desired global position and orientation
angle, P∗ = (x∗,y∗,ψ∗). Here the Cartesian position of the
vehicle can be measured using either GPS or by resolving
the relative vision-based position estimate into the global co-
ordinate system. The heading is measured from the FleckT M

IMU.

A. ASV Docking Motion Control

Due to the limited processing power of the ASV Con-
troller, Potential or Virtual Force Fields rather than a dedi-
cated path planner was chosen for vehicle motion control.
Virtual force fields have been used extensively for robot
motion control [21]. Their advantage in this application is
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they are computationally simple to implement, and allow the
introduction of additional virtual forces to protect the target
from collision or avoid obstacles.

In this study there are two virtual forces considered, a
linear attraction force (Fa) and an inverse square repelling
force (Fr) given by

Fa = Ka.r (4)

Fr =
Kr

r2 (5)

where r is the Euclidean distance from the ASV center-of-
gravity to the action point of the virtual force. The constants
Kr and Ka represent the strength of each virtual force.

The docking procedure is divided into two stages; The first
stage is used to move the vehicle to within a pre-specified
radius of the target, with the second stage providing the
mechanism for the ASV to align with the target (ψ∗) and
move over the target to complete the docking procedure.

1) Stage 1 Docking: In this docking phase, the ASV and
target are separated by a relatively large distance, typically
beyond detection by the ASV vision system. In this case,
GPS positions and compass heading are typically used to
define the target and ASV positions.

Through the wireless exchange of position and heading
information between the ASV and target, this stage moves
the ASV to a position directly behind the target to assist
with the final alignment conducted in Stage 2. Figure 7(a)
illustrates the Stage 1 scenario where the actual target
location and orientation is given by (xsb,ysb,ψsb), however,
the desired position is set at a distance d1 directly behind
the target at point P1 where ψ∗ = ψsb.

The global Cartesian coordinates of P1 are given by:

x1 = x∗ +d1 sin(ψ∗ +π) (6)

y1 = y∗ +d1 cos(ψ∗ +π) (7)

In this docking stage, there are two virtual forces acting.
The first is a linear attraction force (Fa1 ) located at P1, with
the other force, a repelling force (Fr1 ), located at the actual
target center-of-gravity. The repelling force is used to avoid
any collision between the ASV and the target. To ensure the
virtual forces exerted on the vehicle do not exceed the ASV’s
propulsion capability, they are each clipped to a maximum
thruster force, Fmax.

These two virtual forces are then resolved into their
respective Cartesian components by considering their line-
of-action between their point source location and the ASV,
(Fa1x ,Fa1y) and (Fr1x ,Fr1y) respectively.

The resulting force vector acting on the ASV is the linear
superposition of the individual virtual forces resolved in the
global Cartesian coordinate system such that Fx = Fa1x +Fr1x

and Fy = Fa1y +Fr1y .
When the ASV distance r is within a pre-specified radius

(dstage2) of P1, the docking controller switches to Stage 2.

(a) Stage 1

(b) Stage 2

Fig. 7. The two stages of ASV docking with a target using virtual force
fields.

2) Stage 2 Docking: The second phase of docking is
designed to allow the ASV to appropriately align with the
target before moving over it to complete the dock. In this
case, the vision system, rather than GPS, is typically used to
achieve the finer control required to dock with the target.

Figure 7(b) illustrates the Stage 2 docking scenario. In
this case, the desired position is set to the actual target
position with a strong linear attracting virtual force set to
this location. Additionally, there are two repelling virtual
forces set perpendicular to the alignment axes at a distance
ds behind and perpendicular the target as denoted by points
P2 and P3. These global points are defined by:

ds = max(dmin, α r) (8)

x2,3 = x∗ +ds sin(ψ∗ ±π/2) (9)

y2,3 = y∗ +ds cos(ψ∗ ±π/2) (10)

where dmin and α are predetermined constants.
The resulting virtual force vector acting on the ASV is

again a superposition of the three Stage 2 virtual forces
resolved into the global Cartesian coordinate system.

B. Thruster Control

The ASV has two fixed parallel thrusters which are
independently controlled allowing the vehicle to turn on the
spot. In this study it was desired to directly control the
thruster forces. The motor forces have, through experiment,
been determined to be linearly proportional to their on-board
motor controller input.

The control inputs determined by the ASV controller are a
vehicle centric forward force and rotational moment (Fv,Mψ).
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Algorithm 1 ASV docking and control procedure.
1) Determine the distance between the vehicle pose (P)

and the desired pose (P∗) such that r = ||P−P∗||.
2) If (r < 0.2m) end, else goto 3.
3) If (r < dstage 2), goto 6, else goto 4.
4) In stage 1: Calculate the linear attracting virtual force

at a point behind the target and the repelling force at
the COG of the target for obstacle avoidance.

5) Goto 7.
6) In Stage 2: Calculate the virtual repelling forces at

points P1 and P2 and an attraction force at the ASV
COG.

7) Determine the resultant virtual force vector acting on
the ASV.

8) Calculate the ASV centric control forces Fv, Fψ
9) Calculate the individual thruster forces FL and FR.

10) Goto 1

These vehicle centric forces are then translated to individual
left and right motor forces (FL,FR).

The vehicle’s thruster controller was designed such that it
would be biased towards yaw control. This allows the ASV
to appropriately turn towards the target to reduce the total
distance travelled. The ASV heading angle control setpoint
(ψF ) is set to the resulting virtual force vector acting on the
vehicle such that

ψF = tan−1
(

Fx

Fy

)
(11)

The demanded vehicle rotational moment (Mψ) is then
calculated using a proportional controller and an equivalent
total thruster force to provide this moment (Fψ) determined
such that

Fψ =
2Mψ

w
=

2Kψ (ψF −ψ)
w

(12)

where w is the distance between the thrusters, Kψ is a
constant of proportionality. This equivalent rotation force is
then clipped such that (−Fmax ≤ Fψ ≤ Fmax).

The remaining available thrust is then converted to forward
motion such that

Fv = Fmax −|Fψ| (13)

The individual thruster forces are therefore determined by

FL =
(
Fv +Fψ

)
/2 (14)

FR =
(
Fv −Fψ

)
/2 (15)

C. Docking Controller Implementation

Algorithmically, the docking and control strategies pre-
sented in previous sections are implemented as shown in
Algorithm 1. As seen, this approach is relatively computa-
tionally inexpensive which is necessary for implementation
on the FleckT M embedded microcontroller.
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Fig. 8. An example simulation of the docking strategy. The ASV starts
with pose (10,20,π/4), with a final desired pose of (2,5,0).

V. SIMULATION RESULTS

A simulation of the system was developed to evaluate the
performance of the vehicle controller and docking strategy
presented in Section IV. To approximate the dynamics, a
simple quasistatic model of the ASV is assumed taking into
account maximum forward and rotational speed constraints.
The procedure described in Algorithm 1 utilising Equations
(4)-(15) was used to determine the control inputs.

A sensitivity study using the simulation was conducted to
determine appropriate control gains and virtual force settings
and observe the expected dynamic behaviour of the system.
Figure 8 shows the results of a simulation where the initial
pose of the vehicle is (10,20,π/4) and the final desired pose
is (2,5,0), that is point North. As seen in Figure 8(a), the
vehicle travels towards a point below the target location and
when it reaches the Stage 2 boundary, moves back up towards
the target. Figure 8(b) shows the simulated heading angle
of the ASV in this case. It can be seen that at t = 50s,
Stage 2 of the docking is initiated and the heading angle then
approaches 360 Degrees (North) at the end of the simulation.

VI. EXPERIMENTAL RESULTS

A series of experiments were conducted with the Starship
ASV using the vision and docking strategies presented above.
In these trials, the Starbug AUV [13] was used as a passive
target, however, it could wirelessly communicate its GPS
location and heading angle to the ASV for alignment.

A. Pool trials

A series of pool experiments were conducted to validate
the vision-based target identification and vehicle control
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(a) ASV and AUV in pool (b) Segmented target image

Fig. 9. Typical pool experiment showing the ASV during docking with
the AUV. Also shown is the segmented image from the vision system.
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Fig. 10. Measured target position with respect to the ASV coordinate
frame during two representative docking experiments in the pool.

systems, as well as the docking strategy. Here the target
(AUV) was placed at one end of the pool and the ASV placed
randomly elsewhere in the pool. The ASV was then remotely
instructed to dock with the target.

Figure 9(a) shows a representative image of the ASV
midway through a docking manoeuvre with the AUV where
it has aligned with, and is about to moving over the target.
Figure 9(b) shows the segmented target image from the
vision system for the instance shown in Figure 9(a).

The relative position of the target with respect to ve-
hicle’s own coordinate frame is shown in Figure 10 for
two representative docking experiments with different initial
start conditions. Here it can be seen that the control system
manoeuvres the vehicle to get it close to the alignment axis
(y = 0) before moving forward towards the target.

B. Lake trials

Outdoor experiments were performed on Lake Wivenhoe
in Brisbane, Australia. Similar to the pool experiments,
the target’s GPS position and heading angle were remotely
communicated to the ASV and the vehicle then commanded
to perform a docking manoeuvre. Figure 11(a) shows the
recorded GPS track of the ASV during two docking ex-
periments with the same target position but different start
locations. The desired alignment angle was 220 Degrees from
North. In these experiments the ASV’s approach direction
to the target was close to the desired alignment angle.
Figure 11(b) shows the recorded ASV heading angle during
the two docking manoeuvres where it can be seen that after
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Fig. 11. Measured GPS position and heading angle of the ASV during
two lake experiments where the ASV approach direction was close to the
desired alignment angle.

approximately 55s, the second stage of docking commences
with the ASV’s heading angle then approaching the desired
alignment angle.

Figure 12(a) shows the recorded GPS track of the ASV
during another experiment where the ASV approach angle
was out of phase with the desired alignment angle. In this
particular experiment, the desired alignment angle was -90
deg, however, the target drifted during the docking manoeu-
vre in a North-West direction as shown by the desired loca-
tion position. The location of the stage 2 switching boundary
shown is the point where the ASV first reaches the 5m
boundary radius. Figure 12(b) shows the recorded heading
angle of the ASV during the experiment. Figure 12(c) shows
the measured target position relative to the vehicle coordinate
frame during the final stages of docking with the target. This
experiment illustrates the robustness of the vision system and
control strategy in performing accurate docking with a slowly
drifting target.

VII. CONCLUSIONS

A novel approach to coordinated docking between an
Autonomous Surface Vehicle (ASV) and an Autonomous
Underwater Vehicle (AUV) has been presented. A real-time
vision-based target identification system was developed and
implemented on a low-power processor. The processed target
coordinates are sent serially to the ASV controller, another
low-power processor, which performs all vehicle control,
sensor integration, and mission execution. The docking con-
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Fig. 12. Lake docking experiment where desired alignment angle is -90
Degrees and the target is allowed to drift: (a) Measured GPS position, (b)
heading angle, and (c) the image relative target position with respect to the
ASV.

trol strategy, based on virtual forces, allows obstacles to
be introduced and avoided. The approach allows docking
with passive (immobile) or active targets, that may or may
not wirelessly communicate with the ASV. Simulation and
experimental trials in a pool and lake have demonstrated that
the system is capable of autonomous docking with a surfaced
AUV.
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