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Abstract similar study was conducted by Pascoal ef@ascoakt al,,

2004 using a catamaran style vessel, with other applications

This paper describes the development and exper- gy ch adBishop, 2004 considering the formation control of
imental evaluation of a novel vision-based Au- ASVs for marine security applications.

tonomous Surface Veh|cIe.W|th the purpose Of ber A review of ASV technology by CaccifCaccia, 200F
forming coordinated docking manoeuvres with a )
: describes how ASV prototype systems have been devel-
target, such as an Autonomous Underwater Vehi- . Co .
) . oped for both research and military applications. Typi-
cle, on the water's surface. The system architec-
) . cally, the research class of ASVs are lower speed catama-
ture integrates two small processor units; the rst ) ) o X
: : . ran style vehicles, with the military vehicles generally be
performs vehicle control and implements a virtual . : ;
: ; . ing faster, monohull designs. The primary areas of research
force obstacle avoidance and docking strategy, with . . . . . .
. S identi ed in the literature have focused on vehicle design
the second performing vision-based target segmen- . . ) j
tation and tracking. Eurthermore. the architecture and constructiofCurcio et al., 2005a; Larsoret al., 2006;
utilises wireless sgnsor network téchnolo allow Manleyet al, 2000; Leonesset al, 2003; Reedt al, 2004,
oy navigation and controlVaneck, 1997; Alvest al., 2006;

ing the vehple to be observed by, and even in- Reyhanoglu and Bommer, 200énd path-planning and ob-
tegrated within an ad-hoc sensor network. The :
stacle avoidanciarsonet al., 2004.

system performance is demonstrated through real- ) ’ )
world experiments. However, we have identi ed an opportunity to develop

novel systems that extend the capabilities of an ASV to de-
_ ploy, recover and transport AUVs. This would signi cantly
1 Introduction improve the operational logistics associated with offghor-
This paper describes the rst step in the realisation of arflerwater and surface robotic systems and is the focus of this
Autonomous Surface Vehicle (ASV) to carry multiple Au- PaPer:
tonomous Underwater Vehicles (AUVs) through the devel- Figure 1 shows an illustration of the CSIRO multi-AUV
opment and experimental validation of a coordinated vision carrying ASV concept. The purpose of this robotic system
based docking and control strategy to allow automated reis to carry a number, typically 4, Starbug AUVBunbabin
trieval of a surfaced AUV. et al, 2003 to strategic locations for underwater monitoring
For many years, AUVs have been researched and deployd@sks. Once at the location, the ASV automatically deploys

extensively in our oceans. However, it is long been recogan AUV, then moves to the next location to repeat the pro-
nized to maintain accurate localization whilst underwager ~ cess. At the completion of the mission, the AUV surfaces and

quires Signi cant |Ogistica| Support from the surface. dika rendezvous' with the ASV. At this point, the two vehicle's-co
tiona"y’ this has been provided using chase Ships or dep|0y:)rdinate their actions to dock together and the AUV is lifted
ing underwater acoustic beacons to maintain communicatiofut of the water. The AUV's data is then downloaded and it is
with, and position the AUVSs. recharged from the ASV's onboard solar panels whilst being
In more recent times, there has been increasing intere$t@nsported to the next survey location.
in using Autonomous Surface Vehicles (ASVs) to provide There are a number of research challenges relating to both
an automated solution to the task of integrated communicahe AUV and ASV to realize this coordinated control. Con-
tion between surface and subsurface robotic vehicles. Exsidered here is the rst step in enabling an ASV to automati-
amples include the MIT SCOUT ASiCurcioet al, 2005a; cally detect a target, such as an AUV, oating on the surface
20050 where a series of automated kayaks demonstratednd robustly manoeuvre itself over the target for collectio
moving baseline navigation for use by the Odyssey AUV. AAs an initial approach to target identi cation a vision-kds



Figure 2: The Starship ASV prototype.

(b) Underside view ter. Propulsion is provided by two xed commercial AUV
thrusters, manufactured by Seabotix, located at the reaeof
Figure 1: The CSIRO multi-AUV carrying ASV concept. The vehicle, one on each hull. These provide forward as well as
top surface of is covered in solar panels for recharging théotational actuation through differential control of thetars.

AUVs, which are carried on the underside of the ASV. The camera system is installed on top of a tripod and slanted
downward to allow improved eld-of-view for target detec-

tion in the water. The vehicle's power is provided by a series

A recent study by Martins et &Martinset al, 2007 also of batteries stored i_n the tubes_on the top_of e_ach hull. _
considers a vision system for the docking control of an ASV The syst_em architecture, a§ illustrated in Figure 3, cttz_n_5|s
and they provide some experimental results of the systerﬂf three primary compone_nts, the ASV controller, the vision
in docking with a torpedo style AUV. Our solution differs system, and the base station.
from [Martinset al., 2007 in that we desire the entire system P
to operate from a series of distributed low-power processor
and therefore, the vision and vehicle control systems pro- ) J[ - T

solution was adopted.

posed use different approaches for image segmentation and m?a;_e'
trajectory control.
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The remainder of this paper is structured as follows; Se&io HeepmmmasERa ———
describes the general construction of the Starship AS\ Sec

tion 3 overviews the vision-based target identi cationteys,
with Section 4 describing the Virtual Force Field vehicle€o
trol strategy. Experimental performance of the systems in
pool and lake environments given in Section 5, and nally,
Section 6 concludes the paper.

Figure 3: ASV prototype system architecture.

The ASV controller uses the Flet¥ [Corkeet al, 2007
wireless sensor network board as the core processor. This
controller performs the vehicle control, obstacle avoman
. mission execution, and interfaces with external wireless s
2 Starship ASV sor networks and the base station. The low-power Fl¥ck
In order to prove the vision and control systems, a small lowhas many expansion boards such as a GPS and an iner-
cost ASV was developed. The prototype design, known asal measurement unit (IMU) which are both used in this
Starship, is of a twin hull (catamaran style) constructioatt study. Furthermore, it has the ability to control the Seabot
can allow the target, an AUV in this scenario, to t between thrusters through ar?C bus. These thrusters have an on-
two hulls for deployment, retrieval and transportationg-Fi  board processor which maintains a tight velocity controplo
ure 2 shows the actual Starship ASV prototype used in thiso a commanded setpoint. This allowed us to experimentally
study. map the control input to actual thrust output.

The ASV is 2.0m long and 1.3m wide with the hulls con- The external vision system comprises of a OmniVision
structed from PVC pipe. The vehicle's buoyancy is such thaDV7640 color CMOS camera and a Black n 600MHz DSP
it has additional capacity to lift a 30kg target out of the wa- processor. The Black n collects and processes the image



using the method described in Section 3. The vision sys-
tem communicates the processed target tracking results t
the FleckM ASV controller via an RS232 serial link. The [
processor also has the ability to connect to an external Eth-g
ernet for debugging and viewing of raw and segmented im- |
ages. Both the vision system and the ASV controller hard- |
ware components were packaged into water resistant hous{#ii :
ings as shown in Figure 4. (a) Original image (b) Final segmented image

Figure 5: Example of target segmentation using the ASV vi-
sion system.

3.2 Distortion correction

Due to signi cant barrel distortion experienced in the ASV
7 vision system, the radial/tangential method as descrilyed b
— Cucchiara et al[Cucchiaraet al,, 2003 was used to correct
(@) Camera module  (b) Fleck ASV control module the image. Instead of undistorting the entire image, ondy th
segmented pixels from the previous section were corrected
Figure 4. Blackn DSP & CMOS camera vision system with the target area recalculated and the centroid of tlygetar
(without lid), and Fleck ASV controller modules. estimated.

A PDA connected serially to a Fleck is used as a base sta3-3 Coordinate Transform
tion for remote operation and observation of the ASV. Theln order to estimate the position of the target with respect
base station allowed rapid development and task assignmett the ASV, it was assumed that the target lay on a smooth
for the ASV with the ability to wirelessly set control gains at plane at the water's surface. Furthermore, to simplify
and various docking parameters, as well as to observe the stthe analysis it was assumed that roll and pitch of the ASV
tus of the vision system. Through the addition of a GPS, there considered negligible, although an appropriate coatdli
base station also has the ability to act as a surrogate dpckirtransform could compensate this by using the inertial mea-

target for testing purposes. surement unit on the ASV controller module.
o Figure 6 shows the basic geometry for the vision system on
3 Vision System the ASV where the camera is located at a helgtabove the

The target identi cation and tracking system was imple-surface plane and is tilted at an angledown from the hori-
mented on the Black n processor running a Linux operatingzontal. The origin of the vehicle (camera) centred coortgina
System_ The image Capture and processing software was wrigystem is directly below the camera on the water's surface
ten using the DDX middlewad€orkeet al, 2004. The ASV  With thex-axis forward, and thg-axis out of the page.

vision system has three primary functions: (1) Target seg-
mentation from the image, (2) correction for camera lens dis
tortion, (3) transformation from image coordinates to glob
coordinates.

Camera

3.1 Target Segmentation

As the desired target is primarily yellow in color, a color- A
based image segmentation technique was employed. The cap- * Taget s\lt}rr?;?e
tured 640x480 pixel RGGB Bayer image from the vision sys-

tem was subsampled to 320x240 pixels and converted to the Figure 6: Geometry of the vision system on the ASV.
HSV color space for segmentation. H$Smith, 1973 was

chosen for image segmentation due to better color constancy The coordinates of the target centroid with respect to the
compared to other representations such as YUV. As yellowehicle coordinate system(y:) are given by

appears within an angular range in HS space, each pixel was

evaluated and accepted if it was within a pre-speci ed color he

range. A closing operation was performed on the segmented X = 1w 1)
image with the largest valid blob selected as the target: Fig tan q- tan - ¢

ure 5(a) shows an example image showing the AUV target U C,

with Figure 5(b) showing the nal segmented image. Yo = A (@)




q
to=  h2+x3 3) wherer is the Euclidean distance between the ASV center-

__ ) of-gravity to the action point of the virtual force, akg and
whereu; andyv; are the centroid coordinates of the segmentedq, are constants representing the strength of the respective
image as determined in Section 3.2 (with the origin set a;r,al forces.
the center of the image), arfd and fy are the camera focal e gocking procedure is divided into two stages; The rst
lengths in the camera: andv-coordinates respectively. stage is used to move the vehicle to within a pre-speci ed ra-
4 ASV Docking Control dius of the target, with the second stage providing the mecha

_ . . nism for the ASV to align with the targey () and move over
In order to dock with a target of interest, the vehicle mustthe target to complete the docking procedure.

be capable of moving from its current pose, givenmy

(%ss Yss Y s9), to a desired global position and orientation an-Stage 1 Docking

gle,P =(x;y;y ). Here the Cartesian position of the ve- In this docking phase, the ASV and target are separated by
hicle can be measured using either GPS or by resolving tha relatively large distance, typically beyond detectiortigy
relative vision-based position into the global coordirgts-  ASV vision system. In this case, GPS positions are typically
tem. The heading is measured from the Fleck IMU. used to de ne the target and ASV positions.

The ASV has two xed parallel thrusters which are con-  Through the wireless exchange of position and heading in-
trolled independently. The motor forces have, through exformation between the ASV and target, this stage moves the
periment, been determined to be linearly proportional&rth  ASV to a position directly behind the target to assist wita th
on-board motor controller input. nal alignment conducted irStage 2 Figure 8(a) illustrates

The control inputs determined by the ASV controller arethe Stage Iscenario where the actual target location and ori-
vehicle centric forcesH;; F,) which are the desired forward entation is given byxsp, Ysb, Y sb), however, the desired posi-
force and rotational force respectively. These vehicl@raen tion is set at a distanagy directly behind the target at point
forces are then translated to individual left and right moto P1 wherey = ygp,
forces F;Fr). Figure 7 shows a top view illustration of the
vehicle with the left and right control forces.

Figure 7: ASV thruster control forces (top view). (a) Stage 1

4.1 ASV Docking Motion Control

Due to the limited processing power of the ASV Controller,
it was desired to use Virtual Force (or Potential) FieldsFYF
rather than a dedicated path planner to implement vehicle mo
tion control. Virtual force elds have been used extensjvel
for robot motion contro[Borenstein and Koren, 1989The
advantage of VFF's in this application are they are computa-
tionally simple to implement, and they allow the introdocti
of additional virtual forces to protect against collisiorithw
the target or avoid obstacles. (b) Stage 2
There are two virtual forces considered in this study, a lin-

ear attraction forcefg) and an inverse square repelling force gigyre 8: The two stages of ASV docking with a target using

(F) given by virtual force elds.
Fa= Kar (4) In this_docl_<ing stage, t_here are two virtual forces gcting.
K, The rst is a linear attraction forceM;,) located atP1, with

R = 2 (5)  the other force, a repelling forcéy(), located at the actual



target center-of-gravity. The repelling forceisused enlty 4.2 Thruster Control

collision between the ASV and the target. The Cartesian cothe vehicle's thruster controller was designed such that it

ordinates oP1 are given by: would be biased towards yaw control to allow the ASV to
appropriately turn towards the target and to try and reduce
the total distance travelled. The demanded ASV heading an-

X1 = X +disin(y +p) (6)  gle () is set to align with the resulting virtual force vector
y1 =Yy +dicody +p) (7)  acting on the vehicle such that
Using Equation (7), both the attraction and repelling fsrce yE = tan 1 5 (13)
acting on the ASV are calculated. To ensure the virtual orce F
exerted on the vehicle do not exceed the ASV's capability, The demanded vehicle rotational force is then determined
they are each clipped such that based on a proportional controller such that
F = min(F; Fmay (8) =2 0F ) (14)
y w

WhereFmaxis the maximum available thruster force, dnds wherew is the distance between the thrustdfg, is a con-

the repelling an_d attracting forces considered |n_d|V|tyuaI_ stant of proportionality. This rotation (yawing) force reen
These two virtual forces are then resolved into their re-clioped such that (F = Fina)
tive Cartesian components by considering their lfne-o i - max Y g
Spec comp y g The remaining available thrust is then converted to forward
action between their point source and the ASH,(Fs,,)

i motion such that
and €,,; Fr,,) respectively.

The resulting force vector acting on the ASV is the linear - CE
" S . X R = Fmax ] Fyj (15)
superposition of the individual virtual forces resolvediie
global Cartesian coordinate system such that The individual thruster forces are therefore determined by
F = Fx| + FyJ (9) FL = FV+ Fy =2 (16)
whereF = Fy, + Fy, andRy = Fy + Fr. FRR= R R =2 a7)
When the ASV reaches a point that is within a pre-speci ed (18)

radius €lstage) Of P1, the docking controller switches 8iage
2. 5 Experimental Results

Stage 2 Docking A series of experiments were conducted with the Starship

The second phase of docking allows the ASV to appropriateI)'{A‘SV using the vision and docking strategies presented above

align with the target before moving over it to complete the!n these trials, the Starbug AUDunbabinet al, 200 was

manoeuvre. In this case, the vision system is typically use&'sed_ as a passive target, however,_lt could wirelessly com-

to achieve the ner control required to dock with the target. m_umcate its GPS location and heading angle to the ASV for
Figure 8(b) illustrates the Stage 2 docking scenario. I thi alignment.

case, the desired position is set to the actual target positi 5.1  Pool trials

with a strong linear attracting virtual force set to thisdec

tion. Additionally, there are two repelling virtual forcest

perpendicular to the alignment axes at a distashcbehind

and perpendicular the target as denoted by pét@tandP3.

These points are de ned by:

The rst set of trials consisted of controlled pool experinte
to validate the vision-based target identi cation and oddhi
control 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 the ASV midway through a docking ma-

ds = max(dmin; ar) (10) noeuvre with the AUV where it has aligned with, and prepar-
X23= X +dssiny  p=2) (11)  ing to moving over the target. Figure 9(b) shows the relative
y23=Yy + dscofy p=2) (12) segmented target image from the vision system for the in-
stance shown in Figure 9(a).
wheredmin anda are constants. The relative position of the target in the vehicle xed co-

The resulting virtual force vector acting on the ASV is ordinate frame is shown in Figure 10 for two representative
again a superposition of the three Stage 2 virtual forces redocking experiments with different initial start conditm
solved into the global Cartesian coordinate system. Here it can be seen that with differing initial conditioniset



(@) ASV and AUV in pool  (b) Segmented target image

Figure 9: Typical pool experiment showing the ASV during
docking with the AUV. Also shown is the segmented image
from the vision system.

control system manoeuvres the vehicle to get it close to the
alignment axis ¥ = 0) before moving forward towards the Figure 11: The Starship ASV after docking with the AUV
target. during a pool experiment.

: ‘ ‘ ‘ ‘ Figure 12(b) shows the recorded ASV heading angle during
Dock 1 N ] docking manoeuvre where it can be seen that after 20s, the ve-
06f |7~ ~Dock2 A ] hicle enters the second stage of the docking with the ASV's
] heading angle then approaching the desired alignment.angle
A number of problems were observed in these experiments
primarily relating to the performance of the vision system.
Due to the relatively high turbidity (muddiness) of the wa-
ter, it was observed light re ecting from surface waves was
sometimes falsely identi ed as a target. Solutions to inwero
] performance of the vision system in this environment are a
L w current area of research.

Yye (M

1 15 2 25 3 35 6 Conclusions

A novel approach to coordinated docking between an Au-
\}onomous Surface Vehicle (ASV) and an Autonomous Un-
Ferwater Vehicle (AUV) has been presented. A real-time
vision-based target identi cation system was developed an
implemented on a low-power processor. The processed tar-
get coordinates are sent serially to the ASV controller, an-
other low-power processor, which performs all vehicle con-
netrol, sensor integration, and mission execution. The dugki
over it to complete the docking procedure %on_trol strategy, based. on virtual force.s, allow obstatdes

| be introduced and avoided. The docking manoeuvres con-

As the pool was relatively small, the close proximity of the ~. .
target to the ASV meant that the system typically started inSIStGd of a two stage approach; the rst moves the ASV to a

the second stage of docking. In order to test both stages S e-spec eq location using GPS or ur_1t|I th_e targetis \_/Igua
: ; . identi ed, with the second stage allowing alignment withda
docking, a series of lake experiments were conducted.

then moving over, the target. The approach allows for passiv
5.2 Lake trials (immobile) or active targets, that may or may not wirelessly

A series of experiments were performed on Spring eld L akeCOMMunicate with the ASV. Experir_nental trials in a pool and
in Brisbane, Australia. Similar to the pool experiments th !2ke have shown that the system is capable of autonomous
target's GPS position and heading angle were wirelessly seffi0Cking with a surfaced AUV.

to the ASV and the vehicle then commanded to perform a
docking manoeuvre. Figure 12(a) shows the GPS recorde’écknow'edgment

track of the ASV during a representative docking. The loca-The authors would like to thank the contributions of other
tion of the target (base) is indicated along with #tage 2 members of the CSIRO ICT Centre Autonomous Systems
switching boundary. The desired alignment angle was NorthLaboratory: Cedric Pradalier, Les Overs, Polly Alexander

Figure 10: Measured target position with respect to the AS
coordinate frame during two docking experiments in the poo
at different starting positions and orientations.

Figure 11 shows an image taken after the completion of
docking experiment with the AUV. Here it can be seen that th
ASV has aligned with, and centered the target before movi
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