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ABSTRACT

The availability of a huge amount of cultural heritage mate-
rial in digital form requires the investigation of new cost-
saving, effective and easy-to-use methods for acquisition,
annotation and retrieval. In this paper, we will review the
state-of-the-art of the field of 3D image databases, and dis-
cuss an integrated acquisition-annotation-retrieval approach
under development at the Visual Information Processing
Laboratory of the University of Florence.
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1. INTRODUCTION

Thanks to the latest digital imaging technologies, we can
capture, restore, edit, enhance, manipulate, preserve, and
retrieve images and other associated information and pro-
vide global access to invaluable cultural and historical re-
sources in digital form anywhere anytime. While the ben-
efits and potentials are great, so are the issues and prob-
lems. The availability of a huge amount of cultural heritage
material in digital form requires the investigation of new
cost-saving, effective and easy-to-use methods for acquisi-
tion, annotation and retrieval. Image databases and visual
information retrieval have been an important research sub-
ject in the last five years. Image analysis and processing,
pattern recognition and computer vision, multimedia data
modelling, multidimensional indexing, psychological model-
ing of user expectations, man-machine interaction and data
visualization are all disciplines that contribute to this area
of research. While most of the research activity has been
concentrated on retrieval by content of 2D still images and
video, very little research has addressed retrieval of 3D vi-
sual content. On the other hand, digital 3D information is
rapidly being available, particularly in the field of cultural
and historical material like vases, sculptures, and man-made
objects.
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Figure 1: 3D database system.

The creation of digital 3D archives requires that the 3D
information is gathered from sensors and stored effectively
in order to allow search, retrieval and presentation. Acquisi-
tion can be performed using 3D scanners or computer vision,
depending on the quality of the digital representation and
the goals of the application. Search can be performed in
order to find commonalities between 3D objects (e.g. the
signature of the artist) or exploring the temporal evolution
of a defect (e.g. the amount of bending for wooden tables)
as well as to support effective educational programs. Visual-
ization can be complemented with manipulation functions.
Fig. 1 summarizes the main functional blocks of a 3D visual
database system. 2D images are first acquired and analyzed,
so as to characterize the imaged objects in terms of basic
physical primitives—3D shape and surface texture. Such
primitives are then used both for retrieval and visualiza-
tion purposes. Visualization is accomplished by recombin-
ing (i.e., re-synthesizing) shape and texture information in
order to get a 3D graphic model for display. For the purpose
of visual retrieval, raw shape and texture information is ex-
pressed (annotated) in terms of an internal representation
suitable for similarity comparison against a 3D query. In
this paper, we will review the state-of-the-art of the field of
3D image databases, and discuss an integrated acquisition-
annotation-retrieval approach under development at the Vi-
sual Information Processing Laboratory of the University of
Florence.

1.1 State-of-the-art

Several different topics are involved in visual 3D database
research. In the following, we will discuss background and
state-of-the-art of each of them separately.

1.1.1 Acquisition

That of 3D structure reconstruction from images is a key



problem in computer vision. A thorough exposition of the
solutions proposed in the last ten years can be found in
[1], [2]. The different approaches are motivated by differ-
ent operating conditions. Of relevant interest for many ap-
plications are the so called model-based reconstruction ap-
proaches, which rely on the a priori knowledge of geomet-
ric or motion characteristics in the scene. The most recent
model-based approaches work with full perspective, uncal-
ibrated cameras, and yet produce a metric 3D object re-
construction. The most advanced constrained motion ap-
proaches are described in [3], where the object is recon-
structed based on turntable sequences and corner tracking
techniques. The state-of-the-art in static scene reconstruc-
tion is [4], offering a methodology for computing the struc-
ture of piecewise planar scenes.

1.1.2 Annotation

The object recognition technique using the so-called “spin-
images” was recently used for the purpose of 3D structure
representation [5]. According to this technique, 3D objects
are represented invariantly with respect to rigid motion by
means of a suitable collection of images gathering informa-
tion about the morphology of the 3D object’s surface. Spin-
images can be considered an evolution of geometric hashing
and structural indexing in that they overcome the typical
problems of these techniques. Feature-based representation
of shapes have been proposed as well [8], [9]. To overcome
limitations related to the use of global shape descriptors,
techniques based on part decomposition of the shape have
been proposed. Local surface descriptors are based on the
extraction of primitives such as contours, planar surfaces
and curves [6] and their visual features such as the curvature
parameters, the orientation changes, and so on. Multiscale
shape curvature analysis is also used for shape description
in [10], [11].

1.1.3 Retrieval

Retrieval of 3D VRML object models based on textual
metadata was early proposed in [12]. In [13] geometric and
visual features like color and texture, of the object surface
are exploited to support retrieval of 3D VRML object mod-
els. In [16] retrieval of CAD object models is supported by
describing the surface of 3D objects through a 2D repre-
sentation of their contours, taken from different viewpoints.
Lamdan and Kriegel have addressed the definition of both
structure and surface descriptors: in [14] different orienta-
tions of the surface of the object are stored in a hash table
mapping triplets of surface points into their orientations; ge-
ometric hashing techniques are used for model based recog-
nition of 3D objects. In [15] retrieval of 3D objects based
on similarity of surface segment is addressed. Description
of 3D volumetric data for the purpose of retrieval by shape
similarity has also been addressed [17]. In [7], 3D object
recognition is obtained by means of the comparison of sur-
face graphs extracted by single view of range images. In
[18] the retrieval of 3D objects is provided by searching of
2D views.

2. OUR APPROACH

Our current research goal is to investigate relevant aspects
related to the creation and organization of digital libraries
of three-dimensional objects supporting retrieval based on
similarity. In the following, we will review our latest achieve-

ments in the following areas: (1) acquisition and visualiza-
tion of 3D models from one or more images; (2) object an-
notation through the modeling of surface visual features; (3)
definition of similarity measures and 3D retrieval by visual
similarity.

2.1 Acquisition

We have recently focused on the development and imple-
mentation of computer vision algorithms for automatic 3D
structure reconstruction of objects modeled as surfaces of
revolution (SOR). The reconstruction task is carried out us-
ing one or more uncalibrated perspective images acquired
under non structured light conditions. The final goal is to
obtain a point-wise description of the curvature character-
istics of the SOR, as reflected by the 2D shape of any of its
meridians. The decorative, superficial content of polychro-
mous objects such as black- or red-figured archaeological
vases is also extracted by image resampling, and associated
pixel by pixel to the reconstructed surface so as to obtain a
full visual annotation of the object, taking into account both
its 3D geometric characteristics and its 2D photometric ap-
pearance. Having reduced the 3D structure to a planar curve
(the profile), and the superficial texture to a single image,
the SOR annotation is totally bidimensional, thus allowing
to perform search by content of 3D textured objects using
even standard image retrieval engines. In order to obtain an
uncalibrated metric reconstruction of the objects, the exist-
ing theory of self-calibration for planar scenes was extended
to the case of SOR, thus allowing the SOR reconstruction
methodology to be applied to any kind of images, ranging
from new photographic material to photographic archives,
art catalogues, and so on.

Figure 2: Left: a chinese vase and its meridians.
Right: the reconstructed 3D model.

2.1.1 Surface shape reconstruction

In the case of a SOR, the problem of 3D reconstruction
is equivalent to that of reconstructing the scaling function,
i.e. the shape of any meridian. This can be achieved in
three main steps: (1) evaluation of image projective symme-
tries; (2) camera calibration by exploitation of SOR scene
constraints; (3) metric rectification of the imaged meridian.
Details on the 3D metric reconstruction algorithm can be
found in [19].

Fig. 2 (left) shows a textured SOR, with several imaged
meridians superimposed to the original photograph; the fig-
ure also shows the horizontal and vertical visual symmetry
axes. The reconstructed model obtained by imaged merid-
ian rectification is shown in Fig. 2 (right).



2.1.2 Flattened texture acquisition

The knowledge of the scaling function can be exploited so
as to perform texture acquisition in the form of a flat (pla-
nar) image. Flat images are required to extend the object
representation and allow using traditional image database
technology for the retrieval of textured 3D objects. Another
objective is to build texture maps which are compliant with
commercial 3D modeling-rendering software standards. We
have elected to use one of the most common image map-
ping techniques, the normal cylindrical projection, as it fits
well with the kind of objects we are dealing with. Cylin-
drical maps are constructed by aligning a sampling cylinder
so that it is coaxial with the SOR. In such a way, parallels
and meridians transform as a rectangular grid, meridians
being equally spaced. The 3D reconstruction information
is used, of course, in order to move metrically over the im-
aged meridians and parallels and map them to the texture
image space. In the case of SOR, the normal cylindrical
projection map is readily obtained from the natural surface
parametrization. Fig. 3 (left) shows the image of textured

Figure 3: Left: a chinese vase. Right: the extracted
texture.

SOR (a chinese vase); the flattened texture is given in Fig. 3
(right). The flattened texture preserves the local geometry
of the original 3D object, thus allowing to reproduce cor-
rectly also highly deformed and nearly invisible particulars
in the original photo.

2.2 Annotation

Representation of the geometric structure of a 3D object
is accomplished through the following steps: Curvature esti-
mation, Warping, Curvature mapping. In the first step, the
3D object model is represented as a 3D mesh of points. For
each vertex of the mesh the curvature is estimated. Informa-
tion about curvature is used to annotate each vertex. In the
second step, the 3D object mesh is subject to a deformation
process. By acting on the (x,y,z) position of each mesh ver-
tex, this process aims at collapsing the 3D object mesh onto
a 3D sphere. At the end of the deformation process the 3D
object mesh roughly approximate a sphere and each vertex
of the mesh keeps track of its curvature on the original 3D
object. Once warping is complete, the annotated spherical
mesh is projected into an image that encodes position and
curvature of points on the original object surface. This im-
age is used as descriptor of the geometric structure of the
original 3D object. These three steps are described in detail
in the following.

2.2.0.1 Curvature estimation.

An approach to evaluation of curvature of polygonal meshes
is described by Taubin [20]. A different approach is proposed
in [21], where the estimation is not limited to adjacent trian-

gles, but rather extends to a geodesic neighborhood. While
this latter approach reduces sensitivity to noise, it requires
an algorithm for evaluation of the neighborhood. In our
approach, estimation of surface curvature at a generic ver-
tex v; of the mesh is accomplished by considering variations
of surface normal over the platelet V' of vertex v;. This
guarantees less sensitivity to noise and acquisition errors.

2.2.0.2 Deformation.

Mesh warping is accomplished through its convolution
with a Gaussian kernel. Actually, our analysis is restricted
to a particular class of surface meshes, that is, surfaces that
can be described as functions on the sphere.

The iterative application of the Gaussian smoothing ker-
nel to every vertex of the mesh is equivalent to a deformation
process that changes the position of each vertex in order to
reduce mesh curvature at that vertex.

2.2.0.3 Mapping.

Projection of a curved surface is a well known problem
in cartography [22]. There are many different projections
used to map (a part of) the globe onto a plane, but their
description is far beyond the scope of this paper. In our ap-
proach, we have elected an area preserving projection, the
Archimedes projection (also known as the Lambert equal-
area projection). Similarly to the Mercator projection, the
Archimedes projection is a cylindrical projection. This map-
ping is equivalent to wrapping a cylinder around the equator
and then projecting along lines of constant latitude. When
the cylinder is unrolled, a flat coordinate system is pro-
duced. A cylinder can be unrolled without creating distor-
tion in the east-west directions, the distortion being limited
to north/south only. Areas close to the equator exhibit little
distortion either way.

Once a 3D model is represented through a 2D map, any
approach supporting image retrieval by visual similarity can
be used to evaluate the similarity between two 3D models.
In fact, this can be achieved by computing the similarity of
the corresponding maps. To take full advantage of proper-
ties of the Archimedes projection, the similarity between two
image maps should be computed based on region area and
their spatial arrangement. To accomplish these goals rep-
resentation of map content is carried out using histograms.
To support local as well as global descriptions of the models
we have chosen to work with three levels of detail: at the
highest level of detail the image is partitioned according to
a regular grid comprising 32 tiles, at the intermediate level
the grid comprises 8 tiles, and at the lowest level a single
tile covers the whole image. Following the above discus-
sion, histograms at the lower levels can be computed from
histograms at the highest level.

2.3 Retrieval

Since the content of a map is represented at several reso-
lution levels, the computation of the similarity between two
maps relies on matching descriptors at equal resolution lev-
els. At a generic resolution level, each map is partitioned
into n tiles and each tile is represented through a 100-bins
curvature histogram. Computing the distance between two
maps requires to find the best tiles correspondence func-
tion. Actually, a suboptimal solution is computed through
a heuristic search approach that requires to scan all tiles in
the first map in a predefined order and associate to each tile
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Figure 4: The system interface:

a query and the

retrieval results.

the most similar tile not yet associated in the second map.

Fig.4 shows a retrieval example where the model of a
bunny was selected as a query template (upper left). The
database includes 120 models either taken from the web,
manually authored, or acquired with the SOR reconstruc-
tion technique referred to in section 2.1. Retrieved models
are also shown in Fig.4. The 5 bunny models included in
the database were all retrieved.
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