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A fully autonomous docking strategy for
Intervention AUVs

L. Brignone, M. Perrier, and C. Viala

contributed to develop core modules such as cqgntrol
Abstract—The development of effective control architectures navigation and communication, leads to the ideraifon of
for Intervention AUVs (I-AUV) is a very challenging task due to o major limitations of Intervention AUVs (I-AUV)First of
the inherent complexities of the environment and ta necessity of all, compared to a general purpose survey AUV, &Y

the vehicle to come into contact with underwater stctures . | —confi ble platf featurintaio d
without closed-loop supervision. Despite this, botlthe scientific offers a less re-configurable platiorm, featuringagor made

and industrial communities are keen supporters of He archiltef:ture 'developed for a specific task. Se(;ondhe.
development of I-AUV technology owing to the relevat cost restrictions in available energy mean that onlyhtlig
saving opportunities they are potentially able to fier in a number  intervention tasks can be performed by a fully aotoous
of applications. system.

In this article we describe a comprehensive control  pegpite these limitations, recent times have witadsan

architecture designed to dock an I-AUV on a receivig structure, oo interest in the development of I-AUVéhey are set
using sonar and video image processing alongsideuvigation data

from conventional sensors. The approach is based orustom (0 benefit from the —aforementioned technological
developed sonar and video processing algorithms arttle results ~ improvements. This is for instance the case ofSWEMMER

are validated in real-time conditions by means of ftemers autonomous vector/lander designed to transportall smork
experimental underwater vehicle VORTEX. class ROV and connect it to power and control litys
docking to a purposed built station on the seabais hybrid
solution has recently reached a new developmege sfaelled

he continuous improvements in performance of enerdyy interest from major oil companies.

storage technology, the precision of navigation The subsequent development of the ALIVE vehicle has

_instruments and the reliability of acoustic commajtibn_ represented a further and fundamental technologitap
devices, has enabled Autonomous Underwater Vehiclgsrward. The principle demonstrated in the coursthe three
(AUV) to spawn from R&D and university into directyear European project, is simple and yet embodiesf ahe
employment in an ever increasing number of indalstri complexities of autonomous underwater interventanAUV
scientific and_ military appll_catlons. Although #ee are in designed to dock automatically on a wellhead sarecand to
general restricted to a variety of survey type $askon- ,orate 4 series of controls by means of a marigrigam.
hovering tAIUVS havi: p(;roveln tt_o be rrl;ort(re] s_ucc;essfuﬂ tb?’e? A further interesting example is the implementatioithe
or remotely ~operated —solutions, both In terms olosiC qp \ prp concept [4], showing the possibility to dwne
effectiveness (subsea survey, pipeline/cable irigpec

h o . . small-range survey capabilities and autonomousesktabre
environmental monitoring) and of feasibility (sud®isurvey . S .

sampling for scientific and environmental analysiBhe

and ultra-deep water). inciol d d th h th F i

It is a widely accepted idea however that morer@sing principie was gmonstrg.te t roug the use o theva
platform, fitted with specific equipment and modiftions.

technological opportunities lie in the domain ofdarwater . .
intervention, where the use diover capableAUVs could The SUBTECH project yve are Cu”e““Y developing
provides a new opportunity to further improve the

contribute to increased efficiency and relevant ceductions. X ) X . X
The first hand experience of the SIRENE [1], SWIMRIE] methodologies and |d_eas |_mplemented in the aforemgml
and ALIVE [3] European projects, in which IFREMERapproaCheS' The project aims at developing a cdmepsive
techniqgue to perform a quadri-dimensional analy@gy.

position and time) of the seismic activity in aeaof interest.

Manuscript received February 21, 2007. This wosswupported in part The approach is based on the use of battery-poweceén

by the French oil and gas industry committee CEP&M the other partners pottom seismic sensors (OBS) which are designedbeto

of the SUBTECH project (IFREMER, CYBERNETIX, CGG). carried, placed and retrieved automatically by abVA
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docking technique that involves the use of a pasasoustic
marker and related sonar signal processing fortifgary the
OBS seabed installation from distances up to 50nd a
vision based final approach controller. The two mied
enable the vehicle controller to identify, navigateand dock
onto the OBS seabed installation structure fullypaamously,
i.e. without recurring to operator step-by-stepidation as
featured in earlier attempts.

Il. DOCKING AND THE MISSION SCENARIO

The ability to dock to a fixed seabed structureais
important prerogative of I-AUVs, which exploit thefover
capabilities and use locally sensed informatiopadorm fine
motion control prior to contact. Docking is alsotesf a
necessary condition to support the interventiork tas it
enables to:

1) reduce the degrees of freedom (DOF) of the Wehic

2) reduce the risk of collisions associated withHaRering; ] ) o o

3) attain a known/sought geometric configurationtie ) 59,4, O3S secton (ef) and rospectue vielgt) esurng 1) foat,
structure to intervene on,; for vertical insertion/extraction 4) seismic semseabed induction connector

4) reduce vision perturbation by allowing totalfigr 5) seabed

thruster shut off during intervention; . . .
. . : conceived a docking strategy that includes:
5) mate compliant connections in a known geometri . . .
) the use of passive acoustic and video markerghen

environment; . . . .
6) compensate for changes in weight balance onAth¢ docking s.t.ructure. to !mprove efficiency of detentiand
that may occur during intervention. po§e/p05|t|qn est|mat.|0n, . .
2) axisymmetrical docking strategy, allowing thehiede to

Examples of applications that require docking idelubut approach and connect to the structure from anyctiore
are not restricted to, wellhead inspection/intetican in the plane;
connection to power/data lines, equipment placingd a 3) simplifiedthrust-onmechanical docking;
removal. Using similar techniques, an I-AUV mayoalse 4) robustness towards docking failure.
designed to dock onto vertical rigid or semi-rigittuctures,
such as pillars, chains or risers to perform laegpection or In our case, a typical mission scenario featuresr fo
even intervention tasks. Finally, safe landing pohoes are to subsequent stages, during which the AUV detectsdemtify
be employed in case the I-AUV is due to perform athe OBS structure, navigates towards it, docks antand
intervention directly on the seabed as opposed rtmamade finally performs a pre-programmed manipulation t#68S
structure. swap).

In order to regulate the contact with the strudtsgct of
interest, the vehicle’s motion controller needsb#fed with o o
high accuracy kinematic data, describing relatiesepand ~ AS & result of the joint effect of navigation inacacy and
positioning between the mobile and the fixed badigke (he uncertainty of the precise location of the doglstructure,
actual docking is then performed as a pre-prograintask, an initial phase. of.detectlon and identificationtloé target is
often exploiting mechanical compliance in the ngmds. necessary. This is also necessary when the I-AU¥ ha

Sensed information includes sonar and image datihvis completed the mtervent.lon on one OBS and needsvate
necessary both to detect and recognise the souigbtise and © the presumed location of the next. To addresshése
to overcome the shortcomings of traditional navigatdata. N€€ds, we have introduced a sonar processing igoito
These include drift in dead reckoning estimatiore heed of dentify the specific acoustic signature of a passinarker
acoustic fixes to improve accuracy, and the indititp of placed in the OBS structure. The geometrical smiutve have

certain sensors at close range from the seabeis (as case developed for the marker allows detection to be
with Doppler velocity logs - DVL). axisymmetrical. The implementation of the filteriatgorithm

As mentioned above our aim is to develop a fuII;I/s detailed in the next section of this articlepwg the ability

autonomous docking methodology, without the presesfcan to detect the marker in terms of range and bearing? at
operator in the loop to validate the different msa®f the distances exceeding 40m from the vehicle. The usa o
mission. Starting our design analysis from the getoynof the mechanically scanned sonar head (in our cas@ritech
OBS (see Fig. 1) and the kinematics of its placefretrieval SuperSeakifyDST) suits well the proposed method.

from the seabed installation, we have

i
T

A. Detection and identification
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Fig. 2. Vehicle glidepath towards OBS considerii2§° sonar vertical

beamwidth; the altitude setpoint is updated comtirsly to match path as

function of target distance.

B. Navigation towards the OBS

Following positive identification, the vehicle ngaites
towards the target, modifying the altitude and fandjnal
speed setpoint as it approaches. During this pih@seehicle’s
sonar head is constantly panned as the acousponss is
treated feeding the control algorithm with updabedring and
range to target. Considerations on the verticahvédth of
the sonar and its mounting angle must be made deraio
adapt the AUV’s altitude to maintain the targetiwathin the
beam (see Fig. 2) up to visual range (2m to 3m)eAtended
Kalman filter is used to merge the estimated begam@mge
information with further navigation data (vehicledding and
velocity); this also serves to reject outliers anmanage
temporary detection losses. The Kalman filter immated is
essentially a two-dimensional filter, providing mxted target
planar coordinates by feeding forward the estimatesition
and velocity of the vehicle and correcting thempessively
with OBS sonar fix and DVL measurements as theyolmec
available.

C. Fine alignment and docking

Once the vehicle is finally at close range from @®&S (2m
to 3m), the control is automatically switched otethe vision
control system that processes the image from tHsoamad
camera and computes an appropriate thrust vectorrig the
vehicle to the intended docking configuration. Tthensition
from sonar referenced to vision referenced is peréal
automaticallyby evaluating aindex of confidencealculated
as a byproduct of the image processing. This senifeed in
more detail in the next section. Being the altituafethe
docking ring a known geometrical parameter, theickels
altitude is controlled in the final stages of thisian based
approach. Docking is performed by thrusting to r@m
contact between two passive grabbers at the frotitod the
vehicle (fitted with dampers) and a docking ringdted in the
topmost section of the OBS structure. The vertigan of the
grabbers compensate for vertical misalignment aepdvé
oscillations, acting as a guide for the vehicleitasnoves
forward (Fig. 3 (9)).The maneuver is axisymmetricd the
vehicle can approach and dock from any directiotherplane
(see Fig. 3 which shows VORTEX in the role of BJV).

D. Manipulation task
Having attained a fixed geometrical configuratiaiveen

Fig. 3 — General view at docking featuring IFREMER/ortex as test
mock up 1) Docking structure 2) Docking ring 3)iopt marker 4) OBS and
float 5) camera 6) sonar 7) I-AUV 8) sonar marKep&ssive grabber closeup

vehicle and OBS, the vehicle’s manipulator armepldyed to
remove the OBS (Fig. 1) from the seabed structnderaeplace
it with a new one. This part of the project is eumtty being
developed by Cybernetix and will be detailed it article.

Ill. SONAR SIGNAL PROCESSING

Our technique for detecting seabed stations iscbasethe
use of a passive marker to produce a specific sicoesponse
while reflecting incoming sonar pulses. Moreover deeided
to avoid to represent the reflected signal in catespace and
process it as an image, but rather develop an mdigeb
procedure to treat the acoustic response numericilis has
the double advantage to allow faster detectiong@gaand
bearing) and to be well suited to a mechanicalansed sonar
head, as each angular step response is treategutvitlaiting
for a full sector to be completely scanned.

A. Geometrical configuration of the passive marker

The development of the geometrical characteristicthe
passive markers is the key factor in the methodolagd is
based on three main properties:

1) to be highly reflective;

2) to provide a distinct multiple response to enabl
identification in noisy and unknown environment;

3) to suit the approach technique envisaged (pe2ki

The design is therefore based on an empty and
axisymmetrical aluminium shell that responds withltiple
echoes as the acoustic pulse is reflected firsitomxternal
face and several times on the opposite one aftdsvar

Three shapes were at first considered, the bare@igb
chosen over the cylinder and a double inverted cafiber
initial tests using a Simrad single beam echosau(2z0kHz
to 1 MHz). The barrel has in fact proven to enameacoustic
response featuring two distinct peaks, spaced déngth
consistent with the geometry of the marker itseffe( Fig. 4).
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Fig. 4 — Principle of passive marker multiple ech@eft) — overall marker §
geometry featuring equal curvature radii (right). 5%0
Moreover the measured spacing is constant withectgp the »
tested ranges (5m to 45m) and angles of incideBéead 45°). / Range, p (m)
. -, U, o
Typical values measured for the spacihgoetween the peaks v Hy % _ _
range between 1.2m and 1.3m in the case of our emark Fig. 5 - Elements used in the computatioRbru

prototype built according to the dimensions in Fg(right).
This is in turn the distinctive acoustic trace ttrat processing C- Marker detector software implementation
algorithm uses to identify the marker and deteotér a noisy The signal processing algorithm has been succgsfull
environment. adapted to the sonar chosen for real-time impleationt, a
SuperSeaking DSmechanically scanned dual frequency head
produced byTritech International.
The sonar is connected via RS232 link to the velscl
The processing technique is based on the numeriaaiboard PC where the marker detector software (MIBS)
normalisation of the incoming raw acoustic sigiRalnd it running. The lack of a dedicated process unit sfiaplgreatly
involves sliding oveR two averaging operators, and y, of the task of onboard integration, and it is onel& teasons
identical and predetermined width (Fig. 5). Singeis behind the choice of this type of system. We haustam
referenced to the distance traveled by the acoesfio, the developed a software interface enabling the MD$ragram
spacing between the two averaging windows carebéosbe the parameters of interest in the sonar head sschaage,
equal to the expected distance between the twospdakThis linear resolution, angular step size, frequency (825 kHz,

il bri ; h . intensi hen t high 675 kHz), bearing and dimension of the settotbe
will bring  Ryory to reach maximum intensity when twog ...oq The software interface allows also toiesar the

subsequent peaks spaced dy are encountered in the sourceencoded acoustic response culR/dor which we have chosen

B. Sonar processing algorithm

signal R. 8 bit resolution and 800 samples. As an exampls,rtteans
More precisely, the computation of the normalisegnal that selecting a maximum range of 40m, the themaktiange
Ryoru follows these equations: resolution of the returned echo is:
40|m
L:o,ogn (3)
R-u, if . 800
o, ' H = N ({1, H5) ensuring adequate resolution, as the characterigéak
Ruory = (1) spacingd” measures about 25 times that value.
R-u During operation the MDS works in closed loop witte
TB if g =min (g, Ug) sonar head, retrieving and processing an 8 bit detto
B

acoustic response at a time. If the corresponéRapt,, passes
the set threshold, the range of the identified ctbje found
according to (2).

This information (positive detection and range) thgen

where g, and g, indicate the standard deviation valuesRof
in the averaging window.

The resulting normalised curve is subsequentlystiokled . . . . o
using a discriminant value defined experimentatty,decide completed by the bearing of the |Qentlf|ed Ot?le‘:t’ which is
whether the input sign& contains the marker’s signature. Thecomputed and related to magnetic North using thasmed

estimated range of the marker from the vehicleizasas then vehicle heac_jing from the onboard fluxgate Compaﬂ‘?" the
identified as: angular position of the sonar head correspondinipeoinput

5 - o\ = 2 signalR.
P Ruoru(P) = MaxX(Ryoru) @ The MDS finally outputs to the navigation Kalmaltefi the

estimated target range and bearipgd , whose values are

averaged over individua,b,é pairs corresponding to adjacent
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R curves (in terms of angular position) who&® s, has
passed the detection threshold.

D. docking structure architecture

The overall dimensions of the passive sonar maakew
simple integration in the docking structure, whatsign is
finalised (see Fig. 3) and includes:

1) atubular protecting structure
2) the support for the OBS

3) the passive sonar marker

4) the docking ring

5) optical markers

When the OBS is inserted in its receptacle, itiglytfills
the water volume contained in the passive markeis has
however not shown to affect the detection of thekesa as the
reflected acoustic signal still maintains the twistidctive
peaks. The presence of the OBS generally lowerithasity
of the second peak and causes further echoes, wdreh
however located further away in the acoustic respoiihese
additional echoes feature a much lower intensithjclv is
consistent with their delay compared to the maio pgaks, as
the acoustic pulse is reflected (and attenuated@raktimes
before exiting the barrel.

IV. VIDEO PROCESSING ALGORITHM FOR
FINAL ALIGNMENT AND DOCKING

For final alignment and docking we have opted for a

image-based control technique, that aims at ada
position of the vehicle in order for a set of visfeaturessto

A.

Fig. 6 — Image processing experiment in IFREMER'st {pool. Original
image (top) and processed image before binarisgtiotiom) where marker
positions are identified as well as some falsediiete (i.e. the pool’'s drain).

Identification of visual features

In order to increase the robustness of the feateésction
algorithm towards the disturbances typically affegt
underwater scenes (absorption, low visibility, Ebaling) we
have opted for four checkered patterns positionéHirwthe

reach a desired configuratia® in the scene observed by thedocking ring forming a square pattern (see Fig8)3(

onboard camera. Such visual features usually quoresto a

The central points of the markers are identifiethim source

set of points chosem priori on the target. Unlike model basedimage by successive filtering, based on a sequehétarris

position control, the pose of the camera is notlieitly

estimated, but displacements are rather comput@® irmage
space in order to reach the desired configuraffdre output
of the algorithm is a set of computed velocitiescamera
reference frame, which are then converted into steru
commands in vehicle frame through an
transformation matrix and a set of proportional ngai

corner detector [5], adaptive binarisation and rhotpgical
union operator. As a result, high contrast areaheforiginal
image are transformed into blobs in a binary imégge Fig.
6). False detections are
considerations —size and square pattern formedhdyentres

appropriatef the detected blobs- or by running cross cori@tabn the

extracted areas to find the four matching onesh Bathniques

Therefore the setpoint for the control algorithnexpressed as have proven to work well during our test tank gjahe second

a desired configuratiors , corresponding to a set of,y

coordinates in image space of the visual featubsemwed by
the camera at docking position. The input of thetidler is
on the other hand the current image in which tantifie the
visual featuress .

The control algorithm is consequently based onethmain

technique being computationally heavier.

B. Computation of camera velocities
Computation
described in [6].
In the camera pinhole model, the relationship betwa
point P(X,Y,Z)in 3D space and its correspondes(k, y) on

rejected with geometrical

is performed using the 2%D technique

operations: 1) thedentification in the image spacef the the 2D image space is expressed perspective pimject

visual features sought for, 2) theomputation ?f camera equations which considerings the focal length, indicate:
velocities necessary to attain target configuratien 3) the | I
4

conversion in vehicle frama terms of thruster commands. A X:E X, y:E Y
On the other hand the relationship between thee tim

brief description of the first two and more impaitastages
follows. variation of a featuresin image space and the velocity of the
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T . .
cameravz[vT WT] is expressed by the image Jacobian

matrix (or interaction matri¥) which relates to the
differentiation of (1):
$=L(s2)v ®)

A typical form of L for a given feature s whose depth in
spaceis Z is:
yJ

-1/Z 0 x/Z xy
0 -1z ylz 1+v¥y
The control problem is therefore expressed in trenfof
the computation of a set of camera velocitieshat ensure the

transition from the current configuraticsto the desireds :
v=g(Cx(s-$),,) )
where g () in our case is a simple proportional gain (build

be a more complex regulatog, is a matrix that multiplies the
“error” vector related to the visual features.
The optimal choice folC is to be the pseudo-inverse of the

-1+ %)
—xy

(6)

image JacobianL(s,Z)+which is normally computed by

model, numerical approximation or estimation [7].0ur case
we adopted the simplified choice to consideas a constant

. * * + - .
matrix equal toL (5 Z ) , 1.e. the pseudo-inverse of the Fig 7 _ IFREMER's VORTEX during vision based testol trials. The

interaction matrix computed feg=s and Z = Z" where Z" is
an approximate value of at desired camera position. This is
a convenient simplification that may have implioag on the
stability of the solution as described in [7], atié notable
consequence that some visual features may get fottieo
camera field of view if the initial camera positiamfar away
from the desired one. In our case we have foundlaitthe
low-pass filter realised by the typically slow dynia response
of a hovering AUV contributed positively towardéet
successful completion of the task. In addition teatt
exploiting the axisymmetrical nature of the appfoag 1]
maneuver, we have introduced a scheme to pre-select

suitable configuratiors from a precompiled list that best suit
the initial orientation of the optical markers asf detection. [2]

The typical performance obtained for the overallagm
servoing algorithm on the vehicle’s 900 MHz dedicht
embedded PC is of 12 frames per second. This hasrin (3
proven to be sufficiently high to control our teRIOV
VORTEX in a number of simulated approach maneuvers,
navigating the length of the test pool (3m) to dogk 4
configuration (see Fig. 7).

V. CONCLUSIONS ANDFUTURE WORK 5]

We have developed a fully autonomous docking
methodology for I-AUVs to perform an interventioask on 6]
ocean bottom seismographers. During the approadhtize
docking manoeuvers the motion controller of theiclehis fed [7]
with processed information from sonar and imagesen; and
the transition between the two phases is

vehicle starts to dive (top) and reaches final igumétion (bottom) after
travelling the length of the pool.

performed automatically.

Having developed the core modules and built a tdles
mock up of the docking structure, future work vidcus on
the continuation of extensive in-water experimeataboth in
test pool. and at sea. This phase will involveubse of our test
vehicle VORTEX with the aim to improve and fine ¢uthe
various elements of the proposed method.
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