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Automatic 3-D Modeling of
Textured Cultural Heritage Objects

Marco Andreetto, Nicola Brusco, and Guido Maria Cortelazzo

Abstract—A widespread use of three-dimensional (3-D) models
in cultural heritage application requires low cost equipment and
technically simple modeling procedures. In this context, methods
for automatic 3-D modeling of textured objects will play a central
role. Such methods need fully automatic techniques for 3-D views
registration and for the removal of texture artifacts. This paper
proposes a contribution in this direction based on image processing
approaches. The proposed procedure is very robust and simple. It
does not require special equipment or skill in order to make tex-
tured 3-D models. The results of this paper, originally conceived to
address the costs issues of cultural heritage modeling, can be prof-
itably exploited also in other modeling applications.

Index Terms—Automatic modeling, cultural heritage, texture
blending, three-dimensional (3-D) registration, wide-baseline
matching.

I. INTRODUCTION

THREE-DIMENSIONAL (3-D) modeling free-form sur-
faces is well established in some niche applications such

as automobile industry, fiction and cartoon movies, special
surgery and industrial mechanics, to name a few, where it is
customary to model 3-D geometry according to the following
pipeline which has range data as input:

1) pairwise registration or alignment of the 3-D views;
2) global alignment;
3) fusion of 3-D data originally captured as clouds of points

into a single 3-D surface;
4) postprocessing, such as editing of possible surface holes

due to minor missing data, or 3-D surface simplification.

In the scientific community the interest for 3-D modeling statues
or, in general, cultural heritage’s objects such as vases, jew-
elery, etc., is gaining interest because of its technical challenges;
see, for instance, [1]. The modeling difficulties of cultural her-
itage objects are due to many causes, such as their shape, typi-
cally way more articulated than that of mechanical objects; their
size, which may not be small; the need to acquire color ap-
pearance or reflectance information, whereas in most industrial
applications only the geometrical data are of concern; the fact
that they cannot be taken into a laboratory but almost always
need portable equipment; the prescribed geometrical precision,
if physical duplication has to be included among the possible
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model’s uses or for special investigations, such as the detection
of the specific types of chisel marks used by Michelangelo in
his sculptures [2], [3].

There is general consensus about the fact that the docu-
mentation of heritage’s objects should not just concern their
geometrical characteristics but also their color, possibly in
terms of their reflectance characteristics (typically in terms of
estimates of the bi-directional reflectance distribution function
(BRDF) [3]–[5]). Because of this, in the case of cultural
heritage’s objects, the above 3-D modeling pipeline must be
extended to include provisions concerning texture acquisition
and processing. A very general scheme for the realization of
textured 3-D models which essentially couples the standard
3-D geometry construction pipeline concerning the range data
with a second pipeline concerning intensity data is presented in
[6]. Within the general scheme of [6] many different cost/per-
formance solutions are possible.

Three-dimensional modeling cultural heritage with metrolog-
ical documentation aims, has recently received a lot of attention
from the scientific community. In principle, micrometric preci-
sion is easy to reach provided that the instruments and proce-
dures of industrial metrology are employed [2], in practice their
application outside laboratory conditions on heritage’s objects
is a major technical endeavor, not to mention the difficulties re-
lated to the in-field acquisition of reflectance or color appear-
ance information. Major efforts in this area were the “Digital
Michelangelo Project” [3] and the “Pietá Rondanini Project”
[7], both concerning Michelangelo’s artworks, the modeling of
the relics of the Museum of Quin Shihuang Terra Cotta War-
riors and Horses [8] and of the 13 m high Kamakura’s Buddha
[9]. Among the several other initiatives which took place world-
wide [2] we would like to recall the acquisition campaign of
the statues of Donatello and Giovanni Pisano jointly performed
by the Visual Information Technology Group of the NRC of
Ottawa, Canada, and our group [2], [10]–[12] during summer
1997, because it was the first operation of this kind in Italy and
because it triggered a number of related initiatives in our country
[10], [13]–[17].

Metrological documentation, whether concerning some
industrial application or heritage, is only feasible upon ade-
quate financial resources. Therefore, in that context, automatic
modeling and low cost acquisition equipment are somewhat
secondary with respect to the data’s accuracy. However, low
costs and operation simplicity are major issues in order to
replace the current iconographic material concerning cultural
heritage based on photographs with 3-D models, for a better un-
derstanding and appreciation of 3-D objects. Indeed it has been
long recognized [18] that 3-D objects cannot be adequately
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represented by single pictures or collections of pictures, which
can only reproduce one viewpoint or a collection of viewpoints,
or even by movies, which can reproduce only one visualization
trajectory: the one which was followed by the operator during
the taking. What characterizes human inspection is the viewer’s
freedom to choose at any instant his viewing distance and angle
in space. The possibility of dynamically visualizing any view
of a 3-D object upon users’ interaction offered by 3-D models
is the representation tool closest to direct inspection. In this
context the object’s color appearance is essential.

The economic costs implied by a widespread use of 3-D
models in cultural heritage are much greater than those for a
highly accurate 3-D documentation of a limited selection of
masterpieces. In order to appreciate this, as a simple example
consider the city museum of Padova, which is an average size
museum in Italy with about 1000 statues of various sizes in
its art collection and about 5000 objects of various type in
its archaeological (pre-Roman and Roman) collection. The
total number of museums (of any size) in Italy is 3300. It is
considered fair to assume that the Italian museums of average
size are about 500 and that the number of items of the city
museum of Padova is representative of the average situation.
This may give a feeling for the number of heritage’s objects
one could digitize only in Italy and explains the concern for
this issue in some technical literature [11], [19].

The implications of labor costs are more relevant than those
of the scanning equipment, since the incidence of the latter de-
creases with the number of modeled objects, but that of the
former doesn’t. Labor costs are due to the fact that for free-form
surfaces the acquisition and the typical tasks of step 1 and 4
of the 3-D modeling pipeline require human supervision. The
only practical way to acquire free-form surface objects is under
human supervision, especially if they are valuable and located in
museums, churches or, in general, outside of a laboratory. Hole-
filling is an inevitable postprocessing step in order to obtain
visually pleasing models from data scanned from real objects.
Making it automatic is a very difficult problem. For a review of
the literature about this topic and an automatic state-of-the-art
method see [20]. In this connection one should observe that pos-
sibly sizeable holes due to self-occlusions, depending on the ob-
ject’s shape, may be inevitable, and in these cases human su-
pervision may again be necessary. Nevertheless the automatic
filling of the small holes is a very important contribution.

With respect to cultural heritage the first contribution of this
paper concerns a technique for the completely automatic solu-
tion of the first step of the 3-D modeling pipeline, i.e., 3-D views
registration. From the technical or conceptual point of view this
contribution can be explained as follows. The automatic solution
of the pairwise registration of 3-D views requires both the auto-
matic solution of the so called wide-baseline matching problem
and the automatic refinement of the pairwise registration param-
eters, as it will be seen in detail in the next section. For the auto-
matic refinement of the pairwise registration parameters, there is
a method universally used under many variants, namely the ICP
algorithm [21]. The wide-baseline matching problem is an open
research issue, for which nonetheless the literature presents a
few automatic solution algorithms. However, the availability of
automatic solutions for both issues does not give any guarantee

that their direct combination will work. Indeed it is well known
that the ICP algorithm converges only if properly started. There
cannot be any guarantee that the parameters produced by any
wide-baseline matching technique will always bring to conver-
gence the ICP. The contribution of this work is that it proposes
an intermediate step, namely the frequency domain technique
of [12], which from the parameters obtained from a wide base-
line matching technique is able to generate starting points which
always bring the ICP to convergence. As it will be seen these
methods are based on rather different principles, which in some
sense complement each other. Their combination turns out re-
markably robust as its application to cultural heritage shows.

The second contribution of this paper, with respect to cultural
heritage, concerns the automatic color restoration and the elim-
ination of photometric artifacts at the seams of different sur-
face patches. The ( , , ) texture values are assumed to be
in one-to-one correspondence with the range values. This can
be obtained by simple portable equipment, such as the standard
range camera set up based on a videocamera synchronized with
a projector of encoded pattern [22]–[25], which come in many
commercial versions in a wide price/performance range. There-
fore, the required textures do not need any special equipment or
increase of labor, with respect to what would be needed for just
acquiring the object’s geometry. From a more general technical
or conceptual point of view, the interest of the proposed texture
processing provisions lays in the fact that they extend notions
well established with standard images to colored 3-D surfaces.

A major advantage of the 3-D modeling procedure we pro-
pose is its operational simplicity: all one has to do is to make
the 3-D scans, from them a textured 3-D model is automatically
obtained. All non technical museum personnel would have to
know in order to make 3-D models would be to learn how to
use a range camera. This is really a minimal and unavoidable
requirement in front of the complexity of 3-D modeling real life
objects.

This paper is organized in five sections. Section II introduces
the techniques suitable to automatize all the phases of the regis-
tration process, i.e., the wide-baseline matching, the pairwise
registration and the global registration. Section III describes
the tools for the removal of the texture’s artifacts. It will be
seen that the proposed 3-D registration and texture processing
methods have strong connections with well known image pro-
cessing techniques. Section IV presents a number of study cases
and a discussion of the proposed method. Section V draws the
final remarks.

II. AUTOMATIC 3-D VIEWS REGISTRATION

The first two steps of the 3-D modeling pipeline tradition-
ally concern the registration of all the 3-D scans of an object,
namely the mutual registration of all the pairs of views, called
pairwise registration, and the subsequent registration of all the
views, called global registration. The registration of a pair of
partially overlapping 3-D views is accomplished in two steps: a
rough detection of the common region and a fine estimate of the
rigid rotation and translation ( , ) bringing the two views to the
best possible overlap (over the common region). The automatic
coarse detection of the common region is an open research area.
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It is equivalent to the automatic detection of a number of corre-
sponding points between the two views, therefore it is typically
referred to as the wide-baseline matching problem and it is con-
sidered in Section II-A. The fine registration of a pair of views
is addressed in Section II-B and the global registration in Sec-
tion II-C.

A. Automatic Detection of the Common Region

There exist two fundamental approaches to the automatic de-
tection of a rough common region between a pair of partially
overlapping 3-D views. One rests on the use of invariant statis-
tics for each point of the mesh [26]–[32], the other on the use
of special features based either on geometry [33]–[36], or on
texture [37]. In principle the latter approaches can be more effi-
cient, but less robust (for certain types of objects the wanted fea-
tures may be missing or not easy to find). All methods, expect-
edly, have difficulties with highly symmetric objects or parts.

This section reports about the results we obtained with the
method of the spin-images introduced by Johnson and Hebert
in [31], [32], where the reader is referred for a detailed presen-
tation. The concept of spin-image, here quickly recalled for pre-
sentation’s clarity, rests upon that of oriented point at a surface
mesh vertex, which is defined as the pair formed by the 3-D
vertex coordinates and the surface normal at the vertex. Let ( ,

) be the coordinates pair defined as follows with respect to
the reference system associated to an oriented point: radial co-
ordinate is the perpendicular distance to the line through the
surface normal at the vertex point, elevation coordinate is the
signed perpendicular distance to the tangent plane defined by
vertex normal and position.

Fig. 1(a) shows a view of a 3-D model of a Pompeian
statuette, hereafter called “Lady;” see Table I. Other views of
the same object can be seen from Fig. 2. Fig. 1(b) shows the
recording of the ( , ) coordinates of all the points of the 3-D
mesh of “Lady,” a type of data which we call “spin-map.” A
spin-image is a spatially discretized version of a spin-map,
where the gray values are associated to the count of points of
the spin-map falling in each discrete cell or bin, as shown in
Fig. 1(c). The idea of accumulating the points of the spin-map
into discrete bins is equivalent to a linear smoothing of the
spin-map with an impulse response of value one over the bin
and zero elsewhere. Indeed, since spin-images from different
3-D views are used for mutual comparison it is rather useful to
remove fine detail and noise in general. For guidelines about
mesh simplification and bin’s dimensions, see [31].

As Fig. 1 exemplifies, spin-images depend only from the
intrinsic surface characteristics (or statistical properties) and
not from the surface’s spatial position and orientation. In other
words the spin-image associated with a vertex point is invariant
with respect to rigid rototranslations.

It is also very important to observe that the spin-images of
neighbor points are very similar because the features of the
local surface area near the point have a greater impact in the
spin-image formation. Therefore, by way of spin-images, one
may associate a collection of images to a 3-D surface mesh, as
every point of the surface can generate a spin-image. A pair of
surfaces representing the same object from different view-points

Fig. 1. Lady: (a) single 3-D view, (b) spin-map, and (c) spin-image.

will be associated to a pair of sets of different spin-images: cor-
responding points in the common region between two 3-D views
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TABLE I
DATA ABOUT “LADY”

Fig. 2. Six of the 24 scans of “Lady.”

will have similar spin-images because, as already pointed out,
spin-images strongly depend on local shape’s characteristics.
The spin-images of corresponding points of two partially over-
lapping 3-D views will not be identical because of surface dis-
cretization effects and because the two patches share only a por-
tion of their surface. However, if the overlap is substantial (no

less than 30% of regions characterized by an adequate presence
of geometrical features) corresponding points of the two 3-D
views located in the common region will have similar spin-im-
ages. The detection of the common region between two partially
overlapping 3-D views in this way can be turned into the recog-
nition of the most similar images of two sets of (spin) images, a
problem for which a number of techniques are available.

The procedure for detecting corresponding points is shown
in Fig. 3. A set of putative point correspondences is determined
upon the similarity of the spin-images. The correspondences are
verified against basic distance invariance constraints, i.e., if
and are two points of the first mesh and and are their
putative correspondences in the second mesh, they are retained
only if with
a suitable . Fig. 4 shows the set of correspondences between
two of the 3-D scans shown in Fig. 2 determined by the most
similar spin-images: the ones not complying with the distance
preservation constraint will be rejected.

The correspondences are organized within groups and for
each group one determines the rototranslations ( , ) moving
the points of the first 3-D view as close as possible to their cor-
responding points in the second 3-D view, via Horn’s algorithm
[38]. The rototranslation ( , ) giving the widest overlap be-
tween the two views is selected. The common region between
the two views is taken to be this overlapping area.

Fig. 5 shows the estimated common region between the two
views of Fig. 4. Fig. 6(a) shows the rough alignment of the two
3-D views of Fig. 4 obtained by bringing to coincidence the cor-
responding points found by the spin-images method. The geo-
metrical artifacts due to the poor estimate are clearly noticeable
in the central part of the face; see, for instance, the doubling of
the Lady’s little disk (in the middle of the front) and nose.

Our implementation followed [32] with minor practical fixes.
In presence of at least 30% surface’s overlap over adequately
characterized regions, this method was always able to find an
approximate but correct common region. The precision of the
detected overlap may vary in dependence of the actual object
shape.

B. Automatic Pairwise Registration of 3-D Views

The final estimate of the rotation and translation ( , ) be-
tween two 3-D views is typically accomplished by the ICP al-
gorithm [21] or some of its variants [39]–[44]. The rough pre-
alignment obtained by spin-images is often adequate to bring
the ICP to convergence. However this was not found to be al-
ways the case, consistently with the fact that the ICP algorithm
is known to be able to produce very precise estimates of and

when properly started, as it may otherwise be trapped by local
minima. This problem may be overcome by initiating the ICP
from different starting points, a strategy for their selection is
proposed in [45]. In practice, this issue is commonly solved by
manually selecting a few corresponding points from which an
estimate of ( , ) is determined by Horn’s algorithm.

In order to have a fully automatic procedure we use instead
the frequency domain method of [12] as a robust device for
determining a first estimate of the ( , ) parameters to use
as starting point for the ICP (there are also other reasons for
using this technique, as it will become clear momentarily). The
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Fig. 3. Algorithm for the automatic registration of a pair of 3-D views.

(a) (b)

Fig. 4. Example of putative correspondences between two partially overlapping meshes.

method of [12] and the ICP operate on very different principles
and their combination turns out remarkably robust. It may
be worth recalling the rationale of both methods in order to
motivate their synergy.

If textured surface is a version of rigidly rotated
and translated by ( , ), i.e.,

(1)

the Fourier transform of and , respectively denoted
as and are related as

(2)

In terms of magnitudes, (2) simplifies in

(3)

It can be proved [12] that the versor of the rotation axis, is the
vector which equates to 0 the difference function

(4)
An effective technique to solve this minimization problem is
given in [12], together with a procedure for estimating the ro-
tation angle upon the rotation axis, and the translation vector
upon knowledge of .

We want to point out that the frequency domain algorithm of
[12] does not operate on a point-to-point correspondence logic
as the ICP, since the Fourier transform makes a synthesis of all
the available spatial information. Furthermore, since the Fourier
transform doesn’t only take into account the 3-D shape informa-
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Fig. 5. Common region between the two views of Fig. 4 automatically
determined by the spin-images method.

tion, but also the texture information, the method of [12] is able
to register textured symmetrical objects (such as painted vases,
that could not be aligned on the basis of local geometrical infor-
mation only). This possibility, as it will be seen, plays a rather
valuable service for practical modeling of heritage’s objects.

Since the frequency domain method does not operate di-
rectly on the 3-D surface data, but it has to turn them into small
volumes in order to avoid the singularity issues related to the
Fourier transform of 3-D signals supported by 2-D manifolds,
it is not as precise as the ICP, which directly operates on
spatial point-wise correspondences. It is also fair to add that,
in general, the alignment obtained by the frequency domain
method is already satisfactory, not only because it differs very
little from the refinement obtained by the ICP, but also because
a further global registration pass, described in Section II-C, is
needed in any case.

As well known, the general idea behind the ICP algorithm is
to find sets of matching points on the overlap of the two 3-D
views by minimizing the distance between the points of a 3-D
view and a candidate set of corresponding points in the other
view, in the Euclidean sense or according to more efficient but
conceptually similar geometrical criteria. It can be proved that
this procedure suitably iterated converges to a local minimum
[21]. For completeness we should also add that there exist an
extension of the ICP which operates on the basis of geometry
and texture information [46].

C. Global Registration

The full coverage of an object typically requires many more
than just two 3-D views, depending on the object’s articulation,
size and on the model’s spatial resolution. The pairwise regis-
tration procedure, even in front of very accurate results for each
pair of 3-D views, cannot model full objects because of error
accumulation. The errors may come from the pairwise regis-
tration procedure itself as well as from measurement noise and
discretization effects on the acquired surface. Fig. 7(a) shows
the result of the pairwise registration of all the views of “Lady.”
The misalignment artifacts are evident.

Fig. 6. (a) Automatic prealignment by the spin-images method. (b) Final
pairwise registration by the frequency domain method followed by the ICP.

There are several methods for redistributing the registration
errors upon the results produced by a pass of pairwise 3-D views
registration, such as [47]–[50], for recent literature reviews see
[6], [51].

We have direct experience with the methods of [49] and [50].
The algorithm of [50] can reach good quality global align-
ments, but only after many iterations and as the total number
of 3-D views increases, the total iterations number increases
and the computation time and memory allocation per single
iteration increase. The global registration technique of [49]
reaches global registration of comparable quality with much
better memory/speed performance. This algorithm indeed was
successfully applied to the global registration of large models
of statues [3].

Fig. 7(b) shows the model of “Lady” after global registration
by the method of [49], the improvement over the model obtained
simply by pairwise registration is evident. The actual registra-
tion data and modeling results are discussed in Section IV.
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Fig. 7. The 3-D model after (a) pairwise registration and (b) global alignment.

III. TEXTURE PROCESSING

The texture problems we encountered in 3-D modeling were
essentially of two types: textures presenting colors different
from those of the actual objects and photometric differences
at the seams of different 3-D surface patches. The first type
of artifacts is fairly common in photographic processes as the
responses of films or digital sensors to light cannot perform
the adjustments typical of human perception (color constancy).
The second type of artifacts in our cases was due to non
uniform lighting conditions, which are practically inevitable
with nonflat objects. Furthermore, photometric imbalances are,
to a certain extent, common of image compositing because
of vignetting (the fact that the light intensity collected by the
photographic optics at the image borders is lower than at the
image center). We used the color texture correction method of
[52] in order to restore actual color appearance and an “ad hoc”
color blending procedure in order to handle major photometric
imbalances between adjacent surface patches.

Fig. 8. (a) View of the final textured model (b) a picture of the actual statue.

The color texture correction of [52] estimates the average illu-
mination of an image from its ( , , ) values upon statistical
arguments. This is obtained by assuming uniform, i.e., space in-
dependent, illumination, by associating to each ( , , ) value
of the image the spectrum of the color of the Munsell’s atlas
[53] closest to it and by assuming that the second order statis-
tics of the reflectances of the object coincides with the second
order statistics of all the colors of the Munsell’s atlas. The illu-
minant’s estimate is obtained by singular value decomposition
of the logarithms of the spectra, a framework reminiscent of ho-
momorphic signal processing. The associated inverse filtering
problem is solved by standard regularization techniques.

Fig. 9(a) shows the model of a paleovenetical “situla,” a spe-
cial type of bronze vase of the 7th century B.C., whose color
in the acquired textures turned out much browner than that of
the actual object. Furthermore, the model exhibits some minor
photometric differences, partly due to vignetting, at the seams
of adjacent patches [clearly evidenced in the detail of Fig. 9(b)].
Fig. 10(a) shows a situla’s detail with the right color; Fig. 10(b)
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Fig. 9. (a) View of the model of a situla obtained without texture processing
and (b) detail.

shows an example of actually acquired texture patch character-
ized by its brownish color; and Fig. 10(c) shows the patch of
Fig. 10(b) equalized with respect to the colors of the patch of
Fig. 10(a). The actual results, also shown in Fig. 11, are dis-
cussed in Section IV.

The tool we used against major photometric imbalances is
a texture blending procedure for 3-D surfaces which was in-
spired by [54] and by the color blending procedure of [55] sub-
sequently revisited within a wavelets framework in [56].

Fig. 12 shows the model of an Attic vase (V century b.C.),
directly built from the acquired textures, clearly exhibiting
strong nonuniform illumination effects. The task of the color
blending procedure is to assign an ( , , ) value to each
pixel of the common regions between different 3-D views,
which, as such, has as many candidate ( , , ) values as the
number of overlapping patches. For clarity’s sake we introduce
the color blending procedure with the aid of an example shown
in Fig. 13. Fig. 13(a) and (b) show the range data of a pair of

Fig. 10. (a) Detail of the situla with proper color, (b) surface patch with wrong
color, and (c) surface patch color corrected.

partially overlapping scans of the Attic vase and Fig. 13(c) and
(d) the relative textures. Fig. 13(e) shows the common region
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Fig. 11. View of the model of the situla obtained after textures were color
corrected by the method of [52].

from the texture of Fig. 13(c), i.e., the surface’s region such a
texture shares with the texture of Fig. 13(d). Since we operate on
already registered 3-D views, the use of 3-D information makes
straightforward the localization of the mutual common region
between textures and the detection of the intervening textures.

Fig. 13(f) shows the remapping of the common region from
the texture of Fig. 13(d) on the texture of Fig. 13(c). More pre-
cisely Fig. 13(f) is obtained by the following procedure:

Lateral remapping:
Repeat for each pixel of the texture of the
common region between two laterally overlapping surface
patches:

Pick from the left texture (Fig. 13(c));
Consider the corresponding 3-D point in the
associated range data (Fig. 13(a));
Determine the range point closest to it in the

Fig. 12. (a) View of the model of an Attic vase obtained without texture
processing and (b) detail of the back side.

mesh of the right 3-D view (Fig. 13(b));
Find the corresponding pixel value in the right
texture (Fig. 13(d));
Write this (R,G,B) value at position of
the remapped texture (Fig. 13(f));

End of Lateral remapping

The remapped texture of Fig. 13(f) shows some artifacts because
of discretization, indeed not all the pixels of the left spatially dis-
cretized texture have a correspondent pixel in the right spatially
discretized texture. Spatially continuous textures instead would
give perfect correspondence and no consequent visual artifact.
Fig. 13(g) shows in white the support of the common region
between the left and right textures of Fig. 13(e) and Fig. 13(f),
respectively.

A binary mask for the common region is determined by the
following procedure:
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Fig. 13. (a) Range view and (c) corresponding texture. (b) Range view and (d)
corresponding texture. (e) Common region from the texture of Fig. 13(c). (f)
Common region from the texture of Fig. 13(d) remapped on the texture of Fig.
(13c). (g) Mask. (h) Choice for the weight coefficients. (i) Another choice for
the weight coefficients. (j) Blended texture.

Horizontal mask:
Repeat for each row of the image of the
common region:

Determine the position x1 of the left border and
the position x2 of the right border of the common
region;
Assign , ;

Form the mask image by setting the value p(x) of
the generic pixel at location of the
row as follows:

If then ;
If then ;
If then ;

End of Horizontal mask

A weight image, shown in Fig. 13(h), is determined by
filtering row-wise the mask image. By using other rules for the
values of the and parameters which determine the ramp’s
beginning and end, other masks and weight images can be
obtained. We tried many other assignment rules, for instance
Fig. 13(i) shows the mask produced by setting and

in procedure “Horizontal mask”.
The positions of the projector, videocamera and of the lights

of our acquisition systems were fixed. The geometry of the Attic
vase was such that all the acquired textures exhibited a strong
illumination peak at the left side. We experimentally found that
the mask of Fig. 13(h) obtained with the assignment rules spec-
ified in procedure “Horizontal mask” were the most appropriate
for the type of nonuniform illumination exhibited by the textures
actually acquired for the Attic vase. The mask of Fig. 13(h) in-
deed weights the color values of the left texture (which, at its
right, side is not affected by any illumination peak) much more
than those of the right texture, thus avoiding the illumination
peaks typical of the left side of the right textures of the Attic
vase. With textures more uniformly illuminated, a different as-
signment rule for parameters a and b, such as the one leading to
the weights of Fig. 13(i), may be more appropriate. The illumi-
nation’s distribution depends both on the object’s geometry and
on the characteristics of the acquisition set-up.

The blended texture values are determined by the following
procedure:

Color blending:
For each pixel of the common region:

Consider the corresponding color
of the left texture (Fig. 13(c));
Consider the corresponding color
of the remapped right texture (Fig. 13(f));
Consider the corresponding scalar weight w

(Fig. 13(h));
Assign to the pixel of the blended
texture the color ;

End of Color blending

The above texture blending procedure is first applied
row-wise to all the “belts” of partially horizontally overlapping
surface patches, then it is applied vertically to all the surface
patches with partial vertical overlaps. The mask images for the
vertical overlaps are obtained by a procedure very similar to
the one used for the masks of the horizontal overlaps, except
that the procedure operates column-wise. The weight images
are obtained by filtering the mask images along the columns.
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We also tried blending according to a four channel wavelet
decomposition of mask image and of each one of the two tex-
tures as suggested in [56], but the difference between the results
produced by this much more computationally intensive proce-
dure and the simpler single channel convex combination pro-
cedure just presented were never appreciable. The next section
discusses the actual performance of this method.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

This section discusses a few practical examples of automatic
modeling of textured objects by the tools described in Section II
and III.

As first example, we consider the automatic modeling of
“Lady” introduced in Section II. Some data about this piece
are reported in Table I. The spin-images method was able to
automatically find the common regions between all the pairs of
partially overlapping 3-D scans and to preliminarily align them
by bringing to coincidence the common regions as shown in
Fig. 6(a) for a pair of upper scans. Table II reports the execution
times on a Pentium III 1.8 GHz, which are between 15.27 s
and 43.66 s. The spread in the execution times depends on
the number of object’s points in each scan; the greater is the
number of object’s points the longer is the execution time, since
there are more spin-images to generate and process. Note that
in the Parametric Image Format (PIF) file the scan’s dimension
are independent of the object’s point actually represented. For
a description of PIF format, see [57]. The displacement error
of a single point is the distance between its position after the
prealignment by way of spin-images and its final position after
global registration. The values reported in Table II are the
averages of the displacement errors of all the points in each
common region. The spread in the displacement errors is due
to the error accumulation of the pairwise alignment procedure.
This is clearly shown by the increase of this error from 0.97 mm
to 7.43 mm found in the sequential registration of the adjacent
scans of the upper belt labeled with increasing integers from
L00.pif to L10.pif.

Table II also reports the average registration error between
corresponding points for each pair of overlapping 3-D views,
prealigned by the spin-images method. The values of these data
are rather uniform. This indicates a regular performance of the
spin-images method with data with uniform characteristics. The
comparison of the average registration error after the prealign-
ment by way of spin-images with the average registration error
after global registration, which is reported in Table I, indicates
that they are about three orders of magnitude greater.Table II
reports also the average side of the mesh of triangles of the
model’s surface, the total number of triangles and the surface’s
area.

Since the spin-images method operates on pairs of scans, the
proposed procedure can be applied to objects acquired by any
number of scans provided that the overlap between the scans is
around 30% and that the common region be adequately charac-
terized (so that the spin-images may have adequate features to
exhibit). This means that one must exercise some care during
the taking in order to scan according to the above requirements:

TABLE II
EXECUTION TIMES AND REGISTRATION ERRORS OF THE PREALIGNMENT BY

THE SPIN-IMAGES

examples of 3-D scans with adequate mutual overlaps are shown
in Fig. 2.

The results of the pairwise alignment of all the 24 views are
shown in Fig. 7(a) versus the final model, obtained after the
global registration, shown in Fig. 7(b). Fig. 7(a) makes clear
the limits of the pairwise alignment even with a small number
of views (i.e., 24), as in the case of “Lady.” However, as shown
in Fig. 7(b), the global alignment, is able to determine the mil-
limetric point displacements needed to overcome the misalign-
ment problems (their average values are reported in Table II).
In light of this fact one can appreciate that the accuracy of the
pairwise registration is somewhat secondary with respect to that
of the global registration technique, and that the accuracy of the
frequency domain technique, although not as high as that of the
ICP, as reported in [12], is nevertheless adequate for the pair-
wise alignment’s purposes.

All the textures of “Lady” were equalized by the technique of
[52].

As Fig. 8 shows, the model is visually coherent both geo-
metrically and colorimetrically with the original. The differ-
ences between the actual picture of the original object shown in
Fig. 8(b) and the view of the 3-D model of Fig. 8(a), are mostly
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TABLE III
DATA ABOUT THE ETRUSCAN SKULL

TABLE IV
EXECUTION TIMES AND REGISTRATION ERRORS OF THE PREALIGNMENT BY

THE SPIN-IMAGES

due to the flash light used in the actual taking of the picture
(which produces a kind of uniform strong illumination not easy
to emulate with synthetic lights) and to a much lesser extent to
the approximate replica of the picture’s viewpoint.

As a second study case we consider the model of an Etruscan
skull, found in a tomb. This object was acquired without texture
since we were told that only its geometry is of anthropological
archaeology’s interest. The basic data about this object are given

TABLE V
DATA ABOUT SITULA

TABLE VI
DATA ABOUT ATTIC VASE

by Table III. Fig. 15(a) shows some 3-D scans and Fig. 15(b)
shows a view of the full model.

Table IV reports the data concerning the prealignement by the
spin-images method. The average execution time is about twice
the average execution time of “Lady,” since the scans have a
much greater number of object’s points (as indirectly indicated
by the dimensions of the .PIF files, which for the skull are 6.32
Mb, see Table III, and for “Lady” are 1.65; see Table I). The
average displacement error of the skull is comparable with that
of “Lady” in spite of a couple of views concerning the back
of the skull with high displacement error peaks, due to their
specific characteristic (both have about constant curvature).

As a third study case we consider the situla shown in Fig. 9
and Fig. 11. Table V gives some data about this object. This
situla is too symmetrical to be automatically prealigned by the
spin-images method. The spin-images are not sensitive enough
to the fine relief decoration of this vase. However this fact is
not at all a practical problem for the automatic alignment of this
object or more in general for objects characterized by a high de-
gree of symmetry, such as vases and similar. Indeed it is rather
natural to scan this type of objects in a regular way, for instance
row-wise and left-to-right keeping the same overlap between ad-
jacent views, and once a row is completed to continue with a ver-
tically adjacent row with a prescribed overlap with respect to the
above one. In this way the prealignment by way of the spin-im-
ages can be bypassed by the a-priori knowledge about the mu-
tual position of the 3-D scans granted by the taking procedure.
In practice the coarse prealignment obtained by the spin-images
method can be replaced by a suitable labeling of the 3-D scans.
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(a)

(b)

Fig. 14. View of the model obtained after the textures were color corrected by
the method of [52] and blended by the procedure of Section III.

Once the common region is determined, the frequency do-
main method can refine the pairwise alignment from geometry
and texture information and the global alignment method, from
the geometrical information, is able to determine the fine shifts
needed for a proper alignment. As Table V indicates, final reg-
istration error of the situla’s 3-D model is mm.

As anticipated in Section III, the situla’s modeling difficulties
were not related to the reproduction of its geometry but of its

Fig. 15. Etruscan skull. (a) Some 3-D scans and (b) a view of the model.

color. We were forced to scan within a room without any
window and the lights we had produced textures of the wrong
color. Another acquisition session at another time would have
implied costs both for the museum personnel scheduled to
help us and for us, since we were out of town. Therefore we
decided to digitally correct the colors in our lab. Fig. 9 shows
a view of the situla’s model obtained without any texture
processing: the bronze looks brownish while its actual color
is much greener, furthermore the model exhibits some light
photometric discontinuities between different patches [see the
detail of Fig. 9(b)] due to vignetting. Fig. 12 shows a view of
the model obtained after all the textures were color corrected
by the method of [52] with respect to the reference image of
Fig. 10(a). As it can be seen the situla’s bronze recovered its
natural green color as shown by Fig. 11 and the photometric
differences disappeared without further texture blending.

As a fourth study case, we consider the Attic vase, shown
in Fig. 12 and subsequent. Table VI reports some data about
this object. The geometrical symmetry of this object makes it
unsuited to determine the common regions by the spin-images
method. Nevertheless, its automatic alignment can be obtained
as explained for the situla. The possibility, given by the fre-
quency domain technique, of exploiting texture information, in
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this case turns out rather useful. The final registration error of
the Attic vase’s model is mm.

It was not possible to acquire the interior of the vase’s han-
dles with the equipment we had at acquisition times. We had
mirrors with us but their dimension would not fit within the han-
dles. We were told that the handles were secondary with respect
to the whole vase’s geometry and decoration. So we decided
to fix them by manual postprocessing and to leave them out of
our actual measurements. Since our figures refer to 3-D models
automatically built from actual scans without manual postpro-
cessing, the vase is shown with incomplete handles.

As explained in Section III, the vase’s dimensions are such
that with our 3-D imaging system all the acquired textures were
strongly illuminated at their left. The photometric artifacts of
the model of the Attic vase directly obtained from the acquired
textures are extremely noticeable, as Fig. 12 shows. The tex-
ture blending procedure of Section III was able to remove the
color discontinuities and to restore the proper texture as shown
in Fig. 14.

V. CONCLUSIONS

This work presents a technique for the automatic realization
of textured 3-D models of objects from scans of synchronized
texture and depth images, provided also by current low-cost
range cameras based on the projection of encoded patterns.

Specific points of interests of the proposed methods are the
use of the frequency domain technique of [12] as a robust de-
vice for the automatic determination of effective starting points
of the ICP algorithm upon the crude registration parameters ob-
tained from the method of the spin-images and the procedures
for obtaining a full artifact-free texture of the object, simply
from color images with values in one-to-one correspondence
with the range data. This is a considerable simplification with re-
spect to the use of reflectance information in order to eliminate
texture’s artifacts, since the reflectance has to be acquired in-
dependently of the geometry’s information. The proposed tech-
nique, as shown in Section IV, is suited to the automatic mod-
eling of cultural heritage objects, which is considered one of the
most challenging applications of 3-D modeling.

In the introduction, we explained that low costs and limited
technical skills are essential for the widespread practice of 3-D
modeling in the cultural heritage field and in this connection au-
tomatic 3-D modeling procedure play a fundamental role. Au-
tomatic procedures may also play valuable services in many
other areas: we are currently testing variations of the proposed
method in the 3-D modeling of palatal calcs and of anatomical
surfaces which are applications of odontosthomatological and
plastic surgery’s interest respectively.

Automatic 3-D modeling can be improved in many aspects.
The wide baseline matching problem is a central issue. Methods
capable to deal with symmetric objects, to efficiently take into
account structure and texture information, to be more accurate
than the existing ones are currently investigated. Among the
various approaches the one of [34] looks very promising. We
are currently experimenting with extensions of the concept of
spin-images which also include texture and not only shape in-
formation.

The acquisition of reflectance information is very important,
unfortunately it is typically rather laborsome as it needs tex-
ture acquisition under different controlled light conditions. Low
cost image spectrophotometers have recently become available,
which, in principle, may greatly simplify reflectance acquisi-
tion. It is worth assessing their actual possibilities with cultural
heritage objects.

Hole-filling is a necessary postprocessing step for visually
pleasing models, which should be included in an automatic
modeling suite. The investigation of effective automatic
methods for this task is an important research area [20].

The use of inexpensive acquisition equipment is also very
important for cost containment, in this connection it would be
worth exploring the practical performance in cultural heritage’s
applications of the acquisition methods of [58]–[64].

Since specular and dark surfaces are often encountered with
cultural heritage objects the study of acquisition techniques ca-
pable to cope with these well known difficulties of optical ac-
quisition methods [65] will have great value also in heritage’s
modeling.

Let us finally observe that in principle, 3-D models allow to
be remotely seen in an interactive way, a possibility of growing
interest in front of Internet’s role in everyday life. Unfortunately
photo-realistic textured 3-D models directly acquired from real
objects can easily occupy tens if not hundreds of megabytes, dif-
ferently than synthetic 3-D models of objects whose memory’s
occupancy is typically much lighter. Therefore the remote in-
teractive visualization of photo-realistic 3-D models is not fea-
sible with current Internet bandwidths, by the standard visual-
ization paradigm, which performs the interactive visualization
locally at the client’s side, after the 3-D model is downloaded
from the server. In this connection both the compression of tex-
tured 3-D models [66]–[73] and the investigation of alternate
approaches turning the remote visualization 3-D models into a
user-prompted image transmission problem [74]–[76], are very
relevant research topics.
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