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The automatic or semi-automatic research of archaeological findings includes several methodologies
and algorithms of computer vision. The reconstruction of a scene is one of the key steps to meeting
that challenge. This paper addresses a methodology for the reconstruction of underwater scenes with
mosaicing techniques. The reconstruction of various scenes will be a video mosaic of sea-bottom
landscapes starting from single video frames. The methodology is based on the evaluation of optic
flow between frames, and its motion estimation has been evaluated on features extracted from the
common areas of pairs of consecutive frames. This approach takes the motion model from a geometric
projection framework. The estimation of camera movement is a second key point in the mosaicing
problem. The methodology used should be robust enough to produce a good performance because
of the high level of noise and turbulence involved in sea-bottom video acquisition. For this purpose,
geometrical transformations have been used to map each frame into a unique big common reference
frame with dimensions similar to that of the union of frames.

Keywords: Mosaicing; Geometrical transformation; Archaeological findings; Motion model

1. Introduction

TECSIS is a project financed by the Italian Ministry of Research (MIUR) to develop
‘Technologies and Intelligent Systems for the development of Archaeological Parks in
Southern Italy’. Within this project, CEOM (Oceanographic Mediterranean Centre) and ENEA
(Italian NationalAgency for New Technologies, Energy and the Environment) oversee the task
of ‘mapping and recovering marine archaeological sites using geophysical surveys and the
development of technologies and methods useful for their characterisation’. The research activ-
ity carried out for this task also involves the Sicilian Submarine Archaeological Authority for
visual processing, and the University of Palermo for data processing.

The first ‘TECSIS’ campaign took place last year in the sea around the Egadi Islands (off
the western coast of Sicily; see figure 1). This site was selected for historical and geographic
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Figure 1. Survey area.

reasons, as it was the theatre of several battles between the Romans and the Phoenicians,
and moreover was a central point along the trading routes in the Mediterranean Sea. The
most important finding was the discovery of a wreck from an 11th-century Arabian ship that
probably sank during a storm.

Within the project, a ‘low-cost’ methodology for characterizing the archaeological find-
ings [1] has been developed. This methodology is based on a system using a mini-submarine
remotely operated vehicle (ROV) equipped with two cameras in stereo configuration (figure 2),
and a set of software tools for 2D reconstruction (mosaicing) [2] of the archaeological site
(see figure 3).

To evaluate the system, we used a number of videos from an archaeological site acquired
during a campaign that took place in August 2004. This article describes the TECSIS project,
the methodology used, and the results obtained.

Figure 2. Achilles ROV.
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Figure 3. Storage vessels (amphorae).

2. Material and methods

2.1 Video mosaicing

This section describes the methodology used for creating a mosaic from a sequence of video
frames. In a nutshell, a video mosaic is the result of automatically stitching together the images
of a video sequence of an object, to obtain a complete view of the object itself. This topic is
related to motion estimation problems for exploring underwater sites; moreover, navigation
and visualization of submerged wrecks and measuring of objects laid on the sea bottom can
be treated in mosaic fashion.

Due to visibility limits (darkness, suspended material, and occlusion problems because of
moving objects), the recording of images is often the only way to obtain a large view of
submerged sites.

The motion estimation developed is based on the detection of features in common areas of
pairs of consecutive images in the video sequence. In this approach, the motion model has
been used in a geometric projection framework [3] consisting of:

• cameras oriented in such a way that the image plane is parallel to the sea bottom;
• sharing of the investigated area in longitudinal raw; and
• 0.7–1 m of height from the bottom.

The lack of visibility in the environment means that the videos can only be filmed a short
distance from the object, and thus the co-planarity condition cannot be guaranteed. Since a
number of methodologies identify points of interest under such conditions, we had to adjust
some of these to suit the conditions.

Occlusions and acquisition noise are the major reasons for the complex search for corre-
sponding points. Another aspect is the removal of outliers (i.e. wrong correspondences), as
this phase has a great influence on the final results and requires a minimization step. A robust
methodology, to minimize the bias produced by such techniques, is based on building a weight
matrix which emphasizes the correct correspondence between features. Frames can be ren-
dered and recorded, after having estimated the motion and found the homography parameters
(images relationship) to build the final mosaic.
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Figure 4. Camera.

2.2 Acquisition and data analysis

For practical reasons it is important to use low-cost tools for the exploration of underwater
sites. In our case we considered the following set-up:

• an ROV, an underwater vehicle controlled by a remote operator (see figure 2);
• two video cameras for the acquisition of underwater images, mounted in a stereo configura-

tion with a 30 cm baseline and parallel optical axes (i.e. the image planes are parallel) (see
figure 4); the images are acquired with the image planes parallel to the sea-bottom; and

• an off-line data analysis software that has been developed under Matlab, producing a
mosaicing from an underwater video sequence.

The choice of hosting two cameras in a stereo configuration on the ROV arises for two
reasons: the first is to have two distinct mosaics (right and left), for classification and cata-
loguing; and the second is to identify their correct position in the 3D space, which is useful
for measuring submerged objects.

The camera model used is the standard pinhole camera, which permits projective linear
mapping of the 3D world in the image frame. The cameras have been calibrated using the
Tzai [4] algorithm for the extraction of intrinsic (focal, radial and tangential distortion) and
extrinsic (rotation and translation) parameters. The calibration pattern used (shown in figure 5)
allows corners (images coordinates) to be extracted to include in the algorithm for calculating
parameters.

Figure 5. Calibration model.
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Data were recorded onto mini-DV digital films at a speed of 25 fps in uncompressed PAL
format and non-interlaced form. The videos were then stored on DVDs, maintaining the same
format, and then analysed with Videomatch\Gromada Software (version 3.5.2).

3. Results and discussion

3.1 Geometrical model and visual motion estimation

The pinhole camera [2] used models linear mapping from the P 3 projective space onto the P 2

projective plane. This can be formally expressed in vector form as m̃ =̇ PM̃ , where M̃ is the
position of the points in homogeneous coordinates, m̃ is the projection in the retinal plane,
P is the matrix of prospective projection, and the symbol =̇ represents the relationship of
equality up to a factor scale.

Two different views of the same scene in the 3D space can be linked, under certain conditions,
by a homography (linear transformation) of the P 2 space. It is represented by a 3 × 3 matrix
which gives a one-to-one relationship between the corresponding points on the two images.
Considering the ũ and ũ′ coordinates of a couple of points of a scene acquired by two different
points, it is then possible to determine a linear transformation given by the following:

ũ′ =̇ H2Dũ,

To determine the transformation H2D, four pairs of corresponding points between the two
images are needed. Therefore, given a set of corresponding features, a homogeneous system
of equations,

At = 0,

can be set up, where t is the vector of the unknown entries of the matrix H2D, and A is a matrix
of size 2n × 9. The system can be solved through singular value decomposition.

For every linear transformation, with eight independent parameters, it is always possible
if the system geometry and the typology of camera motion are known to reduce the number
of parameters: table 1 lists the various models. Due to the fluctuations of the sea currents,
and to the short distance from the sea bottom, the semi-rigid model is inadequate, even if
it is more efficient from a computational point of view. We preferred to use the ‘Projective
Transformation’ model to improve the qualitative performance of the results.

The first step for the creation of a mosaic is the estimation of the homography between
two consecutive frames in a video sequence. For every image Ik , a set of features is extracted
with the Harris corner detector [6]; then a tracking function, an implementation of the Lucas–
Kanade algorithm [7] is performed to evaluate the next image Ik+1; then, the SVD matching
[8] is used in order to reduce the number of matches used to estimate the best homography
Hk,k+1 which relates the frames Ik and Ik+1. A RANSAC sampling method has been used to
make the estimation of Hk,k+1 robust to wrong matches.

3.2 Creation of the mosaic

Registration and rendering are the main phases for the construction of a mosaic. Registration
deals with the estimation of the 2D motion between pairs of frames, and the deformation of a
single frame towards a global model of the sequence (temporal alignment); rendering builds
the mosaic from a set of registered aligned images.

When we obtain the frame-to-frame motion parameters, transformations are used for a
global model where frames are mapped in a unique, large common reference frame where
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Table 1. Description of the models used for image merging, ordered for number of independent
parameters, p.

Image model Matrix form p Domain

Translation

H2D =



t1 0 t2

0 t1 t3

0 0 t1




2 Image plane is parallel to planar
scene; no rotation

Translation and
zoom H2D =




t1 0 t2

0 t1 t3

0 0 t4




3 Same as above but with variable
focal length

‘Semi-Rigid’

H2D =



t1 t2 t3

−t2 t1 t4

0 0 t5




4 Same as above but with rotation
and scale along the image axes.

Affine
Transformation H2D =




t1 t2 t3

t4 t5 t6

0 0 t7




6 Distant scene subtending a small
field of view

Projective
Transformation H2D =




t1 t2 t3

t4 t5 t6

t7 t8 t9




8 Most general planar
transformation

dimensions are similar to the union of different frames. Let the transformation matrix between
the reference frames and the first image frame be HRif,1; the global registration is then defined
by a set of matrix transformations:

{HRif,k : k = 1 . . . N} with 2 ≤ k ≤ N

and

HRif,k = HRif,1

k−1∏
i=1

Hi,i+1.

A detailed analysis of the overlapped regions must be carried out after all the transformations
are obtained. In these regions we can have different intensity values assigned to the same pixel,
and this indeterminacy asks for the use of a reasonable policy for assigning a unique intensity
value to each pixel. The chosen methodology, called the temporal operator, orders all the
intensities by the time and choose the intensity value accordingly to a specific operator. The
operator to be used varies: use-first, use-last, mean, and median operator, each making a
different contribution to the output image.

Use-first and use-last, respectively, select first or last values in the contributions carrier
ordered by time; the mean operator has the advantage of using all the contributions removing
the temporal noise inside the acquisition. The median operator removes the temporal noise,
too, but also eliminates the objects in motion (transient data) whose brightness is different for
every frame; thus, it is extremely useful in such environments where brightness is strongly
dependent on parameters that cannot be controlled.

4. Conclusion

The mosaic shown in figure 6 has been created from a video sequence without using any other
information. The example shown has been obtained using 10 frames (five inter-frames between
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Figure 6. Mosaic based on 10 frames.

one image and the next), recorded using the above written model and using the media-operator.
Note that the objects in the scene are not on the same plane in space.

The original images (see figure 7) present a large amount of noise which makes the extraction
and matching of features very difficult, thus also reducing the accuracy of the estimation of
homographies between frames. Even considering the fact that the objects are not planar, the
software can extract motion parameters in a way such that the mosaic created presents a few
small artefacts that are only visible to the human eye only by careful inspection.

Future studies should improve the quality of the result by mosaicing independently different
parts of the images belonging to coplanar segments of the 3D scene.

Figure 7. Frames used for the mosaic.
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