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Abstract

The THESAURUS project (2011-2013) is financed by Regione Toscana (Italy) in the framework of the “FAS”
program 2007-2013 under Deliberation CIPE (Italian government) 166/2007. The overall goal of THESAURUS
project is to develop multidisciplinary methodologies and technologies to detect, catalogue and document un-
derwater artifacts and wreckage with archaeological and ethno-anthropological value. In particular, specially
designed Autonomous Underwater Vehicles (AUVs) will be used to systematically explore the sea floor in a co-
operative way, by collecting and analyzing in real time heterogeneous data from acoustic, optical and magnetic
sensors with the aim of promptly detecting objects of interest. Data recorded from AUVs missions will also be an-
alyzed and integrated off-line, by building large-scale sea-floor maps and 3D reconstructions for granting virtual
access to underwater sites.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Virtual reality 1.4.8 [Image Processing and Computer Vision]: Scene Analysis—Depth

cues, Motion, Object recognition H.2.8 [Information Systems]: Database Applications—Image databases

1. Introduction and Project overview

In the last years, there has been an increasing interest in
the exploration of possibly large underwater areas, in con-
nection with scientific surveys ranging from geology (study
of hydrothermal vents) to biology (study of benthic ecosys-
tems), from forensics science (airplane accidents) to archeol-
ogy (ancient shipwrecks and settlements). In such missions,
the use of robotic vehicles or towed sleds is essential to
automatically acquire different kind of data from the sea-
floor. In this context, recent research, and technology trans-
fer projects oriented to archeology ( [DSC*08], [NC09] as
well as the European projects VENUS and ARCHEOMED),
have focused their attention on the development of low cost
technologies for the survey process automation, documen-
tation and systematic monitoring of wrecks in known sites.
However, from a scientific point of view, all the issues re-
lated to sustainable (e.g., low-cost), systematic and large-
scale exploration for the search of new sites still remain to
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be addressed. Due to the sufficient maturity in the techno-
logical sector of underwater robotics, computer vision and
photogrammetry, a research project named THESAURUS
has been prepared to address these issues. To complete the
framework, the project also addresses topics related to i) data
storing, ii) data representation, and iii) retrieval, making this
issue strictly linked to the exploration. In particular, data, ob-
tained from systematic surveys carried out by autonomous
robots, may provide to the archaeologist a set of informa-
tion substantially different from the traditional documenta-
tion and, therefore, they need a proper systematization.

THESAURUS has been submitted and financed in the
framework of the “FAS” program 2007-2013 of the Regione
Toscana (Italy). Project activities started on March 2011
and are foreseen to run until 2013. Motivated by the afore-
mentioned considerations, the overall goal of THESAURUS
project is to develop multidisciplinary methodologies and
technologies to detect, catalogue and document underwater
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artifacts and wreckage with archaeological and ethnoanthro-
pological value. In particular, THESAURUS aims at:

e Investigating and experimentally evaluating the use of
swarms of Autonomus Underwater Vehcicles (AUVs) for
the systematic research and mapping of sea floors with
archeological interest by means of optical, acoustic and
magnetic sensors;

e Studying methods for the visualization and 3D render-
ing of the sites explored by the AUV swarm and for
the integration of other information, including historic-
archeological findings;

e Defining an integrated repository allowing for the extrac-
tion and retrieval of baseline data for planning AUV mis-
sions, of specialist historic and archaeological informa-
tion and of general public information for granting virtual
access to underwater sites.

In agreement with the “Sopraintendenza per I Beni Arche-
ologici della Toscana”, THESAURUS will accomplish test-
ing activities in the Tuscany Archipelago. In particular, sev-
eral known and new underwater sites will be explored and
catalogued. In addition, by exploiting the results of histori-
cal research activities, explorations will be conducted along
ancients routes and around shipwreck places. The aim of
this paper is to present the key and most challenging points
of THESAURUS, In particular, with respect to [ACC*11]
where emphasis was given to robotics, in this paper the fo-
cus is given to aspects related to computer vision, virtual
reality and information technology issues.

2. Underwater robotics

In THESAURUS, a new class of vehicles (jokingly named
in Italian “Tifone”, after the famous movie “The Hunt for
Red October”) is being designed and developed. Figure 1
shows the design of the current prototype. The Tifone AUV
family will be capable of 300m depth and will be equipped
with techniques for autonomous navigation. Various sensors
and navigation systems will be available for Tifone AUVs;
in particular the equipment will be modular, thus allowing to
tailor the sensor payload to the planned mission.

Figure 1: Design of the Tifone AUV.

In THESAURUS, Tifone AUVs will be deployed in a
swarm. To this end, algorithms for optimal search, coop-
eration and coordination of vehicles, adaptive sampling for
full coverage of large areas of sea floor will be incorporated.
Members of the swarm will not be identical, but a certain

degree of specialization will be included and exploited for
improved performance. For example, each member will be
equipped with low-cost sensors such as Inertial Measure-
ment Unit (IMU), magnetometer and depth sensors. Instead,
high accuracy velocity sensor such as the Doppler Veloc-
ity Log (DVL) will be installed only on some members of
the swarm. Since acoustic modems, used for communica-
tion among the swarm, can provide the time of flight from
an AUV to another one, the position estimated with a range-
based algorithm may be fused with the one estimated by
DVL. Thus, even without having a DVL on each vehicle,
the positions of the member of the swarm may be estimated
accurately, avoiding unbounded error growth during the nav-
igation. The specialization of the sensors installed on board
for sea-floor data acquisition brings clearly several advan-
tages in a collaborative environment among the member of
the swarm. Moreover, each of the vehicles will be equipped
with optical, magnetic or acoustic sensors and will be ca-
pable to perform an accurate scanning for some of these
modalities. If a signature of human artifacts is detected by
one of these modalities (using the methods described in Sec-
tion 3.1) in some point by a vehicle, then the mission may be
re-planned on line at a swarm level, i.e., the other members
of the swarm may be required to explore around the same
point making use of the most suitable sensing technology.

3. Image analysis and understanding

Another crucial and innovative issue in THESAURUS is the
development of an automatic system for image and map
analysis and recognition. The sea-floor exploration, through
the sensors on the AUV platform, will produce a large
amount of data (optical images, magnetic anomalies and
sonograms). Proper software modules will be developed for
the classification, analysis and storage of these data using au-
tomatic pattern recognition methods. In particular, data pro-
cessing and interpretation will be performed at two levels: i)
directly on board the underwater vehicles (under distributed
and real-time condition), and ii) in post-processing for accu-
rate analysis, classification and storage of the acquired data.

3.1. Real time image analysis for the automatic
detection of region of interests

Regarding the first level, data acquired from sensors hosted
on the AUV will be directly elaborated on-board. Elabora-
tion will use real-time algorithms specifically designed to
run on embedded systems. In order to identify scenes of in-
terest and report them to the other members of the swarm,
the AUVs will be equipped with intelligent methods for the
real-time interpretation of acquired information. Then, the
vehicles, in a co-operative way, will perform more specific
and thorough investigation in the indicated area. In partic-
ular, the on-board system of the individual vehicle will use
the information provided by sensors (optical, acoustic, mag-
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netic) to evaluate the probability that in a certain area there
are signatures of human artifacts.

The integration of high-level visual information directly
on-board has a strong innovative feature, both from a scien-
tific and applicative point of view. In particular, the introduc-
tion of visual information allows the design of multimodal
systems, e.g., based on information obtained from different
sources (scalar sensors, low-resolution and high-resolution
images, sonograms), with a gain in terms of adaptability of
the swarm, according to the specifications of the exploration
in progress. From the scientific point of view, it appears
innovative to design and develop algorithms for the explo-
ration based on a co-operative swarm, driven by a real time
interpretation of the acquired data.

For example, for what regards optical images, texture de-
scriptors (see e.g. [RH99]) will be taken into account since
they allow to discriminate areas with chaotic background
from areas that exhibit regularity and that, therefore, may be
affected by the presence artifacts or wrecks. In addition, we
will focus on methods for the identification of 2D features
in the images, such as relevant portions of straight lines and
conics, whose density in a given image is certainly an index
of being in front of an artifact. The use of 3D features, such
as planes and quadrics, will also be considered. Hence, an
online 3D reconstruction of the sea-floor will be performed
by using either acoustic data form side scan sonars or op-
tical image sequences. In the first case shape from shading
approach will be followed (e.g. [CPL07]), in the latter ro-
bust Structure From Motion (SFM) algorithms will be em-
ployed (e.g. [PVGV*04]), that will provide a simultaneous
estimate both of structure and of the rigid vehicle motion.
For avoiding too expensive computational burden, such on-
line reconstruction will be performed at a frequency lower
that the actual frame rate, whilst the full acquired data will
be accurately processed off-line as described below.

3.2. Multiview analysis and 3D reconstruction of large
scale maps

The real-time processing on-board the vehicles will be com-
plemented with an arsenal of methods for accurate offline
analysis of the data stream, covering the complete pipeline
from raw data acquisition to image fusion, 3D reconstruc-
tion and semantic annotation. The obtained results will be
conveyed in the THESAURUS information system (Section
4).

First, methods for the registration of two-dimensional im-
ages and for the creation of geo-referenced large scale maps
of sea-floor will be designed and developed. Following the
recent research trends [PES09], an SFM strategy encom-
passing bundle adjustment will be investigated for allowing
the creation of accurate maps of the sea-floor and extract-
ing 3D structure. Then, methods for the automatic interpre-
tation of the observed scenes will be designed, also consid-

ering 3D clues. For special classes of artifacts (to be deter-
mined according to the results of the historical and archival
research that will be conducted in the Project), detectors will
be trained for performing an automatic screening of the maps
of interest. Besides well established methods (e.g [VJ04]),
techniques for robust object detection, also in presence of
partial occlusion and based on object subparts, will also be
considered (e.g. [FGMR10]). Thus, the introduction of such
refinements is essential to obtain adequate performance of
the algorithms within the underwater environment and to
make possible the identification of fragments and objects
only partially protruding from the sea-floor. In addition, for
particular classes of objects for which 3D models are avail-
able, object recognition through fitting of 3D models will
be performed. For example, in a portion of the scene in
which a quadric has been already identified, fitting of dif-
ferent amphora models may be attempted, using for exam-
ple algorithms like iterative closest point. This will result
in a view-independent recognition of artifacts of potential
archaeological interest that may be effective also in case of
strong occlusions. This is a modern and promising approach,
successfully applied in face recognition [HVO0S], but not yet
explored in underwater scenarios. Finally, robustness with
respect to 3D noise (due for example to seaweeds, shells
and other concretions) will also be considered by enhancing
the current shape comparison techniques. For further refin-
ing the 3D reconstruction, the possibility to use a system for
structured light projection (e.g., laser light generators for un-
derwater applications) will also be considered. In particular,
during the underwater exploration, in case an area deemed
with high probability of artifacts is found, the AUVs will
have the possibility to scan by laser line the sea-floor. Finally
the 3D reconstruction of the sea-floor will permit building an
interactive virtual environment of underwater archaeological
sites through visual synthesis techniques. Realistic rendering
will be made available through the acquisition of chromatic
texture information associated to the structure of the scene.
To this end, a virtual navigation system application will be
developed which will allow to change the point of sight and
other optical parameters (zoom, field of view,...) in an in-
teractive way. Mixed reality applications will also be investi-
gated for enriching the virtual visit experience by presenting
other metadata of interest regarding the underwater site.

4. THESAURUS information system and smart data
access

Project activities involve multidisciplinary fields, both tech-
nological and humanistic, such as underwater robotics, his-
torical and archaeological research and its technological in-
tegration, artificial intelligence applied to the treatment of
large amounts of data and oceanographic sensors. Thus, a
key and challenging point in THESAURUS is the techno-
logical integration between these fields and the convergence
of know-how. Therefore, the information system, developed
within the project, has to guarantee and promote the col-
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laboration among the technologists, computer scientist and
historical and artistic partners. With the goal of reaching an
interoperability and integration of the project results with
major activities in these fields, and using similar technolo-
gies and standards, we are considering initiatives like Euro-
peana and 3D-COFORM. The information system manages
and integrates the large amount of heterogeneous data pro-
duced by the project activities, and provides advanced and
smart functionalities for data storage and access. During the
storage phase, due to the heterogeneous data formats, the
information system has to exploit several data fusion tech-
niques in order to organize data into a common structure. In
particular, the system manages i) structured sequences (such
as images, magnetic anomalies, sonograms and 3D models),
ii) semi-structured sequences (such as geo-referenced data),
and iii) not structured ones (such as raw data). The proper
data fusion techniques and the architectural and structural re-
quirements will be obtained as a result of activities focused
1) on the definition of metadata standards, ii) on the seman-
tic modeling of the domain, and iii) on the analysis of data
types, formats and relations.

5. Expected results and conclusions

The data obtained from the historical and documental anal-
ysis and those obtained from the underwater campaign re-
search will be made available to the scientific community
through a web portal dedicated with secure control of ac-
cesses. A part of the information obtained and of the results
of research and analysis carried out will be made available to
the general public, while confidential data for the security of
the site will be made available only through reserved access
modalities. As in this context, there will be elaborated and
distributed communication products for the enhancement of
the information collected through the application of the im-
plemented tools and technologies (reports of the sites, re-
ports of the art-works, web portal, multimedia data, etc.).
We will proceed to the dissemination of results through the
realization of audio-visual material for study, dissemination
and educational purposes. In the acquisition of knowledge it
should be made known to the world of scholars and the gen-
eral public all the assets identified and their historical events.
At the beginning of this phase there will be availability of:
i) Populated records related to underwater archaeological or
historical sites, sunken ships of historical and/or archaeolog-
ical interest, submerged loads of historical and/or archaeo-
logical interest, submerged artefacts of historical and/or ar-
chaeological interest, and ii) Reconstructed historical events
based on data collected during the preliminary archive and
bibliographic research. These products will allow to design,
build and populate the database, where the above mentioned
records will be available. Besides that, at this stage the aim
is to construct various kinds of "cultural products" to be
used in various ways, addressing different audiences, with
the perspective to disseminate knowledge regarding the un-
derwater cultural heritage and to increase the sensitivity to

the problem of its preservation. These tools are very tech-
nical, useful and interesting for scholars, but less attractive
for a wider public. The objective of this work should be
also to make more attractive this information, by identifying
new forms of dissemination. First of all integration should
be performed of knowledge collected during the prelimi-
nary archival and bibliographic investigation or with new
data extracted from the missions. Hopefully, reconstructed
and documented cases will be further enriched by the data of
the missions. Data integration will lead to the production of
more complete and updated historical reconstructions based
on new data and problems. The exploitation of results ob-
tained in the project was held into particular consideration
and a whole work package is dedicated exclusively to the
dissemination of large-scale activities.
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