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ABSTRACT:

This work describes the procedures and methodatagyloyed in recent mission at sea for gathering ffam submerged sites of
archaeological interest. The emphasis in this iégtis mainly in developing, testing and validatiasglutions that simplify the work
of archaeologist by employing unmanned robotic elelsiand automatic procedures and that can beedpiplideep water sites that

are not reachable by divers.

1. INTRODUCTION

One of the activities planned in the frameworkla European
Research Project VENUS (see, for more information the
project, the websitevww.venus-project.eiand (Drap, 2006))
concerns the development of procedures and bestiqgas for

The underwater site of interest has been firstestadt by means
of a side scan sonar and scanned data have beédntase
construct a preliminary, large scale map with battyic

information that we will calphysical map. By means of DGPS
measurements, the map has been endowed with aagbagr

the use of unmanned underwater vehicle (UUV) inadat coordinate system corresponding to the terresri@. During

gathering from submerged sites of archaeologidatést.

Experiences of various kind and field examplesis &rea have
already been reported in the literature (Balla@)2 Gambogi,
2004; Mindell, 2004; Vettori, 2004).

In this paper, we will describe the experienceiedron by the
team of the Italian Interuniversity Centre for lgrtated Systems
for the Marine Environment (ISME) during a two-weeission

on a site located in the proximity of Pianosa Idlam the

Tyrrhenian Sea. During the mission, the team hawated a
small-class Remotely Operated Vehicle (ROV) DOE ritbma

S2, equipped with sonar and cameras for colleet@aystic and
optical images of a sea-bottom area of about?5@ta depth of
35 m. The main problems to deal with, in this phafdhe

research project, concern the navigation and go&af the

ROV (Conte, 2004) and the association, integrasiod fusion

of data gathered by heterogeneous sensors. Bytging the

data into a coherent set, the primary objectiveoisobtain

adequate, sufficient information for constructingaugmented,
three dimensional map of the explored site. Previaork in

the same line has been reported in (Caiti, 200#j, 2806)
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ROV operations, the vehicle position has been moextin real
time by a USBL/DGPS system. In particular, acoustic
measurements have been used to locate the ROVfesiplect to
the head of an Ultra Short Base Line (USBL) sulesyst
mounted on a service vessel, whose position intehestrial
coordinate system was obtained by a DGPS devidhisrway,
data acquired in form of pictures and acoustic esagave been
related to points and areas of tpleysical map. In order to
guarantee a satisfactory level of accuracy in defsociation
(that is: in associating pictures and acoustic ®sago
geographic locations), the automatic Navigationid@oce and
Control (NGC) system of the ROV has been enhandéd av
module for the real time managing of the data ftmming from
the USBL/DGPS positioning system, the on-board canaed
video-camera, the on-board imaging sonar (enviranahe
data), the depth meter, the compass and the Ihertia
Measurement Unit (IMU) (navigation data) and for
synchronization of data recording. This has beetainbd by
employing an hardware architecture consisting BX&FPGA
unit, devoted to low level control and data acdigsitasks, and

of a PXI/PC unit, devoted to high level supervistasks and to
Man/Machine interface, that exchange data via TEP/I
technology. The software control programs have been
developed in the LabView environment.

Due to safety reasons related to the presencevefdin the
surrounding, during the survey, the ROV has beadeglin the
horizontal plane, while the control of depth hasrbdelegated
to the automatic NGC system. Pictures and corilat®ustic
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images of the sea bottom have been taken from arage
distance of 3m, at a frequency that assures a etenpbverage
with overlapping of the explored area. In additimnthe on-
board video-camera, a high definition camera malmte the
ROV has been employed to take additional still ypies,
particularly in presence of archaeological featufdsterest.

In a following off-line phase, environmental datedanavigation
data have been used to generate information in fofm
JPEG/EXIF files as well as XML files. Such inforneat can be
exploited, first of all, for adding texture to tpéysical map of
the site, by pasting on it low-definition picturebtained from
the on-board video-camera. In this process, navigatata can
be used to orient pictures, while acoustic images derived
measurements can be used to scale them, as wellvasidate
morphological features of the physical map. HigHinion
images can, then, be used to add information tectel
location and to allow zoom operations on the map.

The analysis of the data gathered during the missimws that
the procedures developed for performing the varactsities
guarantee a satisfactory level of efficiency, eftiz and quality.
For this reason, they can be viewed as a suitahss bor
formalizing a set of best-practices, to be furthialidated in
future missions.

2. PROBLEM DESCRIPTION

The problem considered in the sequel concerns tsigia,

testing and development of a set of procedures lbest
practices for collecting data from underwater aechagical

sites by employing robotic vehicles and automagigickes under
the supervision of archaeologist and engineerssiblysin

cooperation, under some circumstances, with divene. kind

of data one wants to get consists, essentiallyg sét of geo-
referenced pictures in photogrammetric quality ah@coustic
images of a portion of the sea bottom, while nanggabove it.
Geo-reference should be accurate enough to allows
construction of a 3D model of the explored areaimirtual

environment with a specified level of precision. isThin

particular, means that pictures and sonar data pustde a
complete coverage of the area of interest andtti@position
and orientation of cameras and sonar, with resgecta

geographic coordinate system, must be evaluatedenmided
at every shot and ping.

An important characteristics of the approach thas een
followed is that of employing equipments of moderabst,
which are available on the market and whose usased on the
efficient integration of existing technologies. $tihoice aims
at making accessible the methods and techniquésaiticbe
developed in the project to a large community ofringa
archaeologists, without the need of affording lafgesome case
prohibitive, costs for deep water investigations.

Underwater vehicles, either remotely operated (RQOM)
autonomous (AUV), can be employed to carry camerad
sonars and navigation sensors (like compassesh degpters,
inertial measuring units, inclinometers), togethgth acoustic
positioning systems, can be used to evaluate tr@&ntation
and location. The problems are in navigating thigicles with
the required accuracy over the site and in accgiramd
recording in a synchronized way a large numberash drom
heterogeneous sensors.

Due to their manoeuvrability and easiness of usgllswork-
class ROVs are suitable for taking close rangeupgst and
acoustic images on relatively small areas, whoteést, from
an archaeological point of view, has already besrerained.
On the other hand, AUVs are suitable for prelimynagiobal
explorations of large, partially unmapped from
archaeological point of view, areas.

an

3. WORKING CONDITION AND EQUIPMENT

In the mission performed in September 2006 in tloaimity of
Pianosa Island, in the Tyrrhenian Sea, the sitbet@xplored
was an already known one. The site was locateddspéh of
about 35m, on an almost flat sea bottom, and ieV an area
of about 50 Beside the archaeological interest — the site
contains a large number of amphorae of Roman origthat
location was chosen in order to have the possikititemploy
divers in cooperation with ROVs, so to compare piigdities
and to test check manually the work done by autizndatvices.

The ROV was operated from a support vessel, moate¢hlree
points on the site. The ROV is a small class DOBRIM S2,
equipped with two horizontal main thrusters and tvestran
ones, that control four degrees of freedom. Thebasrd
navigation sensory system consists of a depth meteompass
and an inertial measuring unit (Crossbow DMU VGXptt
evaluates linear accelerations and angular vedscdlong and
around three axis. In the present application |khg has been
employed mainly to evaluate the ROV pitch and mltch and
roll data have been used to construct an artific@izon that
enhances the situation awareness of the operadaioagvaluate
the ROV attitude during operation. The ROV car@e8CCD
PAL video camera, a Nikon D2Hs camera with 4.1 meigel
'‘JFET sensor', capable of capturing eight framesgeond, and
an imaging sonar Kongsberg-Symrad MS 1000, whosal he
generates a conic beam of 2.7°. Both the camexhshansonar
have been mounted in a downward looking configaratso to
thpicture the sea bottom.

The underwater acoustic positioning system consistsa
Sonardyne Scout USBL system, whose transpondetogated
on the support vessel. The position of the trandponn
geographical coordinates is determined by a DGR&eevith
an accuracy of about 1m. The position of the R@Va
Cartesian coordinate system having the transpormtethe
origin, the Z axis oriented downward along the icatt the X
axis pointing northward and the Y axis pointing teasd, is
evaluated by processing the acoustic signal confion a
beacon on the ROV itself and received by the trandpr. The
information about the position is updated at a dsqy of
about 1Hz. Accuracy depends on various factors,irbutorst
case it is of about 2,75% of the distance. Infoiomagbout the
position is obviously acquired with a delay depegdon the
distance and related to the speed of propagatidineo$ound in
water. Keeping the speed of the ROV below 1Kn awnding
at a distance not greater than 50m, the global racguin
locating the ROV in the terrestrial coordinate egstwas
normally of about 2m and of 3m in the worst casee (also
(Caiti, 2002)).

The control architecture of the ROV, from the haadsvpoint
of view, integrates a standard console togetherh wat
PXI/FPGA unit and a PXI/PC unit, that communicata v
TCP/IP technology. The PXI/FPGA is directly conmetto the
navigation sensory system of the ROV and it alseives data
from the cameras, the sonar and the positioningesysThe
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unit acquires all the data and it takes care of gheressing
involved in their synchronous recording. In additiothe
PXI/FPGA unit control at low level the sensory dm& and the
ROV thrusters. The PXI/PC unit is devoted to higvel
supervision tasks and to Man/Machine interface. Tameras
and the sonar can be directly operated through ittierface
and all the other sensors can be monitored. Innamous
guidance mode, the PXI/PC processes the data cdmoimgthe
sensors and, using the result of that processihgmay
implement automatic closed loop guidance
Alternatively, a human operator can guide manutiy ROV
commanding the thrusters digitally through the PX/ by

The video camera takes 25 frames per second aratder to
have a complete documentation, the video streast@ded by
a VCR. One frame over 5 was acquired by the PXURICand
digitally recorded. These set of frames providesoaplete
coverage, made of partially overlapping imagesa &m wide
corridor when the ROV moves along a rectilinearhpdthe
sonar takes acoustic images of the sea bottomraeaof one
image every 100ms and these too were acquired emistered
by the PXI/FPGA unit. The area hit by the acoustiave

strategieggenerated by the sonar is a disk with a radiusbefri, centred

inside the area pictured by the video camera. Rebieing
recorded, the sonar data was also processed intordgaluate

means of the keyboard and the mouse, instead afgusithe distance of the ROV from the sea bottom. Tiisrmation

analogical joysticks on the standard console. Tihigital
guidance mode is particularly effective for the mdiorizontal
thrusters, whose angular speed is closed loop atedr
Switching between the PC-based control mode - amouos or
supervised - and the console-based supervisedotantde is
always possible, so to allow the operator to takeunal control
from the console in any situation.

The software for managing communication, implemeniow
level control and data processing has been dewtlapehe
LabView environment, that provides a wide
programming tools and allows a rapid prototyping.

4. DATA GATHERING PROCEDURES

At the beginning of the mission, a side scan soves used to
survey the site’s area and to obtain a bathymetdp, called

was made available in real time to the operatooufh the
M/M interface to help in guiding the ROV.

The shot of the high definition camera was operatatually
through the M/M interface and the shot command neasrded
by the PXI/FPGA unit. Pictures taken by the canoenger more
or less the same area framed by the video cametavane
recorded by the camera itself on its own flash mgmafter the
mission, the system has been modified in such athatyalso
these images are acquired and digitally recordethé&y XI/PC

range ofunit.

In addition to the above data, the PXI/FPGA unguared also
the data coming from the positioning system andhfedl other
navigation sensors, using different acquisitionqfiencies,
according to the characteristics of the variousasy

All acquired data were recorded together with aetistamp,

physical map. Using DGPS measurements, the physical map haglated to the time signal coming from the DGPSiaev

been endowed with a geographic coordinate
corresponding to the terrestrial one. Accuracy dcalizing

features is of about 1m. The geo-referenced physiap has to
be considered as a support on which additionatiméition will

be plotted.

A small portion of the area of interest has beeuacttred by
placing on the sea bottom, as markers, 15 blockewérete, in
3 rows of 5, spaced 2,5m in both direction. Thigkuwas been
done from the surface, using divers to supervisk tandirect
the operation.

Before starting to collect data, the video camew the camera
mounted on the ROV have been calibrated using @cegure
that employs Photomodeler ™ software. Calibratias been
performed in shallow water (about 5m) with the hefiglivers.

To collect data, the ROV has executed a humberaokects at
1Kn on the whole area and in particular on thecstmed area
(for a total operating time of about 60h), takirigeos, photos
and acoustic images according to the proceduresrided

below. During the navigation, the ROV was manuagiljyded

in the horizontal plane by an operator, using tlilee images
coming from the on-board video camera and the inéion

provided by the positioning system. The NGC systwwas

entrusted to keep constant the operating depthmplementing
a simple PID closed loop control scheme on thesbakithe

signal coming from the depth meter. Since the smtoim is

almost flat in the area of interest, regulation tbé depth
allowed to keep an average distance from of about 3

In the above conditions, the characteristics ofideo camera
and of the camera guarantee that each frame cawessea of
about 3m, so that at least one marker is visible in evécjupe.

system

5. DATA PROCESSING

Acquired data have been post processed off-lirerder to get
the information that will be used for constructaa@D model of
the explored area in a virtual environment.

The processing consists in constructing a setle$ fn EXIF
format, each one including one picture, one acoustage and
a set of positioning and navigation data. Roughtlcan be
described by saying that to every picture recortgdthe
PXI/FPGA/PC unit one associates an acoustic imageaaset
of measures taken by the other sensors. Associ&ionade
according to the time stamp, in the sense thatviyyetime
stamped picture one associates the acoustic ilmageag the
closest time stamp, while for other data associatiwludes
averaging or filtering procedures. In order to @ase
portability and usability, the same information reso been
structured in a different, alternative way, follogi the XML
format. The XML file contains the data of the vaisosensors,
ordered in a coherent way, and a set of pointetbgovarious
images.

In an intuitive way, each one of the JPEG/EXIFsfikescribed
above represents an image of the sea bottom, wgetith
information that, in particular, describe the positand the
attitude of the (ROV and hence of the) camera attitme in
which the photo has been taken and the distance the sea
bottom. These, together with calibration data, banused to
scale the picture, to orient it and to place itrectly onto the
physical map we have mentioned at the beginningeation 4.
After all the available map have been scaled andecty
placed, it is possible to paste them together bingus
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mosaicking technique.

It has to be noted that mosaicking may imply aitéoh

adjustment of the position, orientation and scaliofy the

pictures, realizing, in practice, a sort of filtegi of the

positioning and navigation data on the basis obitgcal ones.

The mosaic gives a preliminary, “flat”, pictoriahage of the
explored area. The 3D shape of the area can thea-beated
by adding relief on the basis of bathymetry anddepth and
sonar measurements taken by the ROV on-board msfris. In

this phase, the result of the mosaicking helpsusiny the
bathymetric information obtained by the side scamas

together with that gathered by the ROV on-boardrumsents.

The result of this process is a virtual model &f éxplored area,
consisting of a surface in a 3D space on whichntiosaic is
pasted.

6. CONCLUSION

The activity performed during the mission in therhgnian Sea
has produced, through testing and experimentatiorgluable

know-how about the use of UUV in gathering datamfro
submerged sites of archaeological interest. Iniquaatr, it has

been possible to explore the potentialities oftdwhnology in

providing a photogrammetric and acoustic coverdgareas of

the sea bottom, suitable for constructing virtudl fodels.

Practical procedures for collecting data have bestablished

and suitable data format have been defined. Pdheofiathered
data, together with further information on the rases

development, are availablevavw.venus-project.eu

A second mission with similar objectives has beeriqggmed in
May 2007, in proximity if the Tremiti Islands in eéhAdriatic
Sea, at greater depth (between 50m and 60). Thiallwaved to
validate the results in different, more demandiogditions and
to ameliorate part of the procedures. In particutae data
handling software has been improved in order tcegae the
JPEG/EXIF files on-line, avoiding post-processilmgaddition,
the simultaneous use of two beacons, one to tfeelRDV and
one to mark precise spot, has made possible a aumérate
positioning and it has simplified the guidance task

Future work will be devoted to the development ofoaatic
guidance procedures, that may facilitate further tésk of the
operator, and to tests and experiments in deeper.wa
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