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3-D Optical Measurements in the Field of Cultural
Heritage: The Case of the Vittoria Alata of Brescia

Giovanna Sansoni and Franco Docchio

Abstract—In this paper, we give an insight on how innovative
techniques of optical three-dimensional (3-D) measurement can be
helpful in the domain of the study, conservation, restoration, and
presentation of artworks. In particular, we present the results of
the 3-D acquisition of the “Vittoria Alata,” the statue symbol of
our City, using an optical whole-field profilometer developed in our
laboratory. The study, originally motivated by the need to explore
a new hypothesis for the origin of the statue, led to its complete dig-
itization, with a global error of 0.5 mm, as well as to the description
of the statue in terms of both polygonal and CAD models. More-
over, it helped the archaeologists to prove the new hypothesis of an
alternative origin of the artwork and proved the tremendous bene-
fits of the technique in the realms of conservation, virtual museums,
generation of replicas, and in general preservation of cultural her-
itage.

Index Terms—CAD modeling, cultural heritage, optical three-di-
mensional measurement, reverse engineering of free form shapes.

I. INTRODUCTION

I N THE few last years, there has been a tremendous develop-
ment of components, systems, and techniques for the optical,

three-dimensional (3-D) measurement of free forms in space.
The range of systems available spans from optical triangula-
tors, laser scanners, laser interferometers, time-of-flight rangers,
range cameras, and whole-field profilometers [1]. This develop-
ment has been justified by the remarkable advantages that the
noncontact, and hence, noninvasive measurement of the shapes,
and the speed of measurement could have a wide range of appli-
cations, compared to the traditional contact measuring systems
(mainly CMMs). Among them, the quality control of products,
the reverse engineering of clays in the design and restyling pro-
cesses, and the rapid prototyping of replicas, play key roles in
the industrial and manufacturing frames [2]–[5]. More recently,
the optical 3–D gauging of free forms has been successfully ap-
plied in different areas, such as biomedicine [6], virtual reality
[7], and cultural heritage [8], [9].

In the cultural heritage domain, digitizing of monuments,
statues, and ancient handicrafts is of primary importance in
view of documenting them and of monitoring their degradation
[10]. In addition, the availability of a dense and accurate set of
measurements on the pieces provides a sufficient database that
can help the specialists to study them, possibly in conjunction
with other techniques. A typical example is the collocation
of the archaeological finds in the correct historical period. In
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fact, the study of the overall proportions of the piece allows the
archaeologist, by means of an inductive approach, to determine
the archetype from which it has been generated.

The problem is clearly of the metrological type. However,
measurements are still today performed by means of calipers
and compasses. This work is time consuming, invasive (the
compass’s tips touch and scratch the surface), uncomfortable,
and particularly difficult when distances between nonadjacent
locations must be measured. Gross errors usually derive from
the intrinsic uncertainty of the measurement, and from the
somewhat subjective placement of the fiduciary points between
different scientists.

Obviously, a well-performed set of measurements obtained
from a high accuracy 3-D digitization of the original artwork,
would fully overcome the aforementioned drawbacks. In fact
1) the ambiguity between different archaeologists would be re-
moved if they could have access to a common database, and
work on universally agreed fiduciary points, 2) the high uncer-
tainty in the single measurement would be removed and would
only depend on the uncertainty of the digitizer used, 3) the mea-
surement could be made comfortably, and 4) the efficiency of the
work would benefit from the possibility of expanding the set of
points to be tested.

Today, a number of powerful software tools, originally devel-
oped to speed up the reverse engineering of complex objects in
the manufacturing area, are equally applicable to the manipula-
tion of 3-D data to create CAD-based and polygon models of
the artworks. This fact opens up the door to the implementation
of virtual museums, and to the production of replicas, both for
preventing the degradation of the original objects and for edu-
cational purposes [10].

Our laboratory has been, for almost a decade, active in the de-
sign and development of 3-D optical digitizers [11]–[13]. It has
recently developed OPL-3D, a whole field optical profilometer
based on the projection of noncoherent structured light, whose
efficiency has been tested on a large number of applications,
ranging from the industrial control to modeling and rapid pro-
totyping and biomedicine [14].

A demonstration of the successful use of our system for 3-D
measurement in the cultural heritage domain is presented in
this paper, where the measurement of a statue, named “Vittoria
Alata” (“Winged Nike of Brescia”), is described.

The “Vittoria Alata,” shown in Fig. 1, is a 2-m-high bronze
statue, located at the Civici Musei di Arte e Storia (S. Giulia)
of Brescia. Right from the time of its discovery (July 20, 1826),
until today, there has been no doubt that it was fused during the
first century A. D. in Rome as an Aphrodite, and then, during
the Vespasian Age, transformed into a Victory by adding the
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Fig. 1. Statue of the “Vittoria Alata”.

wings [15]. A first doubt about the correct temporal and spa-
tial collocation of the fusion was cast in [16]. The author sug-
gested the hypothesis that the statue was indeed an Aphrodite of
the Hellenistic Age (third century B. C.), fused in Greece, car-
ried to Rome as a war spoil, and transformed into a Victory by
adding the wings later on. This hypothesis raised a considerable
interest in the archaeological staff of the City Museum, which
decided to undergo a scientific investigation to evaluate it, using
all possible instruments and techniques available. Among them,
the complete, noncontact 3-D digitization of the statue was con-
sidered as a clear option to actively contribute to the verification
of the new hypothesis.

This measurement activity represented a significant bench-
mark for our instrument. First, it allowed us to overcome the
drawbacks derived from the contact-based acquisition of the
measurements. In addition, it allowed us to verify the robustness
of the optical instrument when operating over a target of very
complex shape and high variability of color, and in harsh illu-
mination conditions (as is the room where the statue is located).
Furthermore, it ensured adequate control of the measurement
errors inside each acquisition and following the alignment of a
very high number of views.

From this work, the point cloud of the whole statue could
be obtained. This, in turn, was used as the starting point for the
process of reverse engineering and rapid prototyping of the “Vit-
toria Alata”, through the generation of the triangle meshes and
of the CAD models of the shapes. Finally, the study allowed us
to exploit the models for the virtual representation of the orig-
inal statue.

In this paper, we present the main features of the optical dig-
itizer, discuss the critical aspects of the measurement process,
and show a complete set of experimental results.

Fig. 2. Image of OPL-3D, the optical digitizer used for the acquisition of the
statue.

Fig. 3. Optical geometry of OPL-3D.

II. SYSTEM FOR THE OPTICAL ACQUISITION

A. Principle of Measurement

OPL-3D, the noncontact digitizer used to perform the acquisi-
tion, is shown in Fig. 2. The optical head is composed of a micro-
processor-controlled liquid crystal projector (ABW LCD320)
and of a color CCD Camera (Hitachi KP D50), with standard
resolution (752 582 pixels). The optical devices are mounted
onto a rigid bar that can be easily moved around the scene by
means of a tripod, and that holds the adjustment units for proper
orientation. The system, described in [14], operates according
to the well-known concept of active triangulation [17]. Fig. 3
shows the optical layout. The projector and the video camera
are represented by planes and respectively, the exit pupil of
the projector is located at point , and the entrance pupil of the
video camera at point . The orientation of the video camera
and of the projector are defined in their own local reference sys-
tems and . Parameter is
the system baseline and L is the standoff distance. Parameters
FW and FH d are the field of view (FOV) width and height at
distance L.

In essence, the projector projects a sequence of bidimensional
patterns of incoherent light, according to the well-known gray
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code-phase shifting (GCPS) method upon the object, and the
video camera acquires the patterns that are deformed by the ob-
ject shape [18]. The figure schematically shows the typology
of the projected patterns, which are black and white stripes of
varying spatial period. Their projection results in the univocal
indexing of a bundle of geometrical planes: two planes of the
bundle, denoted by and , respectively, are evidenced in Fig. 3.
Each plane in the bundle is labeled by means of a real number,
called light plane : in the figure, planes and are indexed by
light planes and , respectively.

Each object point is viewed as the intersection between
a plane of the bundle and a line of sight. As an example,
point S in Fig. 3 is the intersection between plane and line
of sight , and is described by the vector of coordinates

. The vector elements are the so-called local
coordinates of point S, being the coordinates of the
image point S’ at plane and the coordinate of plane at
plane . In the GCPS method, light planes are in a one-to-one
correspondence with the planes of the bundle. Hence, given
two object points on the same line of sight, as points S and
T in Fig. 3, they are unambiguously mapped into coordinates

and , respectively. In
this way, a large measurement range is obtained. In addition,
being the light planes real numbers, the measurement resolution
is very high.

B. Calibration and Measurement

The measurement information must be expressed in the
global reference system (X, Y, Z). Global coordinates

are derived from local coordinates
, provided that the pose and the orientation of the pro-

jector–camera pair with respect to the reference system (X, Y,
Z) are known. The rotation-translation matrices for the projector
and the video camera contain this information. The estimation
of the unknowns (three rotation parameters, plus three transla-
tion parameters for each device) is performed by means of a
suitably developed calibration process. Besides the parameters
mentioned above, during calibration, the focal lengths of the
projector and camera optics are estimated. In addition, both
radial and tangential lens distortion are compensated.

A detailed description of the calibration procedure is pre-
sented in [14]. In summary, calibration is performed using a
traceable calibration master whose dimensional characteristics
are known to an uncertainty lower than that expected from the
measurement. The master, shown in Fig. 2, has the form of a
matrix of black circles (markers) on a white background. The
markers are at controlled positions within the master, and their
centers provide the system fixed coordinates in the global refer-
ence system.

The operator simply moves the master at known positions
along the measurement range. At each position, the GCPS se-
quence is performed, followed by the subpixel detection of the
centers of a number of markers, uniformly selected on the ac-
quired images: these are called measurement markers. Their
local coordinates are evaluated along the whole measure-
ment range and, together with the corresponding set of global

coordinates , are used by iterative data modeling algorithms
to estimate the system unknowns [19].

The calibration is very fast and straightforward, the only inter-
vention required being the placement of the master at fixed posi-
tions along the measurement range. Suitable tools of the calibra-
tion procedure allows the operator to configure OPL-3D to work
optimally in the operating conditions, depending on the specific
levels of environmental light, the surface appearance of the ob-
ject, and the measurement requirements (acquisition field, res-
olution, uncertainty, and range). Due to the fact that the system
is able to finely estimate the operating parameters, no accu-
rate positioning equipment (micro-positioners, micro-rotators)
is needed, the only requirement being the stability of the mount
during the measurement. After this, the system is ready for the
measurement: no calibration is required unless the system con-
figuration is changed.

The 3-D measurement of the target object is accomplished
by projecting the GCPS sequence on it. Given the fact that the
operating parameters are known, the object shape is retrieved
by solving a system of three equations for each object point.
The equations model the bundle plane indexed by light plane

and the line of sight connecting the object point to its image
plane coordinates ; the unknowns are the elements of
the point vector G . The projection-acquisition step is per-
formed in 2 s, and the elaboration is completed in 4 s (data
storage included).

C. Verification of the Accuracy

In the absence of standards for the verification of optical in-
struments like OPL-3D, a specially designed procedure has been
embedded in the system. It is based on the use of a proper
number of control markers (that is, markers on the calibration
master that are not used to estimate the operating parameters
during the calibration). The procedure compares the fixed co-
ordinates of the control markers with those evaluated by the
system after the calibration. The comparison is performed along
the whole measurement range, in correspondence with those po-
sitions of the master that have not previously used for the cali-
bration. As detailed in [14], suitable statistical analysis is carried
out over the distribution of the differences, and a set of figures of
merit is produced. If one or more figure does not match with suit-
able predefined values, the calibration must be performed again.
Very dense point clouds are produced (typically up to 70% of the
number of pixels of the video camera), and the measurement is
constantly monitored: typical values of Type A uncertainty are
about of the depth range.

III. SOFTWARE FOR THE ELABORATION OF THE POINT CLOUDS

A. Alignment of Multiple Views

To obtain the shape of large free form objects, multiple views
have to be captured, and then aligned in the same reference
frame. The alignment consists of the estimation of the rota-
tion-translation matrix between adjacent views. It can be per-
formed on a pair-wise basis and on a globalwise basis. In the
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former case, one cloud of the view-pair is “locked” (its rota-
tion-translation matrix is taken as the reference) and the other
is “floating” (its rotation-translation matrix has to be estimated)
in such a way that the distance between the points in the over-
lapping regions of the two clouds is minimized. In the latter, a
number of views are simultaneously considered by the align-
ment, and the rotation-translation matrices of each one are es-
timated in parallel, with the aim of minimizing the overall dis-
tances among all the views [20].

In both cases, the estimation algorithms are nonlinear, and a
number of iterations are needed to derive the orientation param-
eters. Hence, an initial estimate of the matrices must be known
to avoid that the estimation loop diverges.

In addition, one has to consider that this process inherently
introduces errors (called alignment errors). Obviously, these
cannot be smaller than the uncertainty of the views; moreover,
they increase with the number of the views. When pair-wise
alignment is considered, the errors very often sum up in an
unpredictable way. When the global alignment is performed,
the propagation of the errors can be better controlled. However,
the computational time increases significantly with respect to
the pair-wise approach.

In the last few years, extensive research has been performed
in the area of alignment: many algorithms have been proposed,
and a considerable number of software tools are now available
in the market [21]. As detailed in [22] and [23], OPL-3D has
been equipped with both self-made and commercial software
modules, the choice depending on the level of complexity of the
alignment. In the case considered here, the dimensions of the
statue and the complexity of the shapes led to carrying out the
alignment by using the commercial module IMAlign, belonging
to the PolyWorks suite of programs (InnovMetric, Inc., CA).

IMAlign performs the alignment in two steps: the former
is based on a pairwise alignment: a semiautomatic procedure
allows the operator to select at least one correspondent point
in each view and evaluates the initial value of the rotation
matrix between the “locked” view and the “floating” one. The
procedure is repeated for each floating view, and leads to the
obtainment of a set of point clouds roughly aligned to each
other. The latter implements a global alignment, essentially
based on the well-known iterative closest point (ICP) algorithm
[24]. The combination of the two approaches results in a good
compromise between the efficiency of the overall process
and the quality of the final point cloud. Actually, the global
alignment is well conditioned by the pairwise approach, and
the elaboration time is kept at reasonable levels. In addition,
a number of tools are available within IMAlign to quantita-
tively evaluate the amount of the alignment error: color-coded
error maps and histograms help the operator to monitor the
accumulation of the errors during the alignment. They are very
useful especially when hundreds of views are merged together.
Once all the views have been aligned at a satisfactory level
of confidence, they are fused together in a single point cloud.
This one can be elaborated to improve the signal to noise ratio,
and partially edited (for example, to fill the holes due to non
measured points).

B. Modeling of the Point Cloud

The modeling of the point cloud is performed in three steps.
These are: 1) the creation of the triangle mesh; 2) the editing of
the mesh; and 3) the creation of the CAD model.

The PolyWorks IMMerge and IMEdit modules have been
used to carry out steps 1) and 2). IMMerge allows the operator
to optimize the mesh both in terms of the accuracy with respect
to the original point cloud and in terms of the number of the
triangles. After this step, the point cloud is no more considered
and all the subsequent elaboration is performed on the triangle
mesh.

The editing step is strategic to obtain a model almost inde-
pendent of the variability of the measurement error, and where
even seriously corrupted portions of the surfaces can be recon-
structed. In addition, the possibility of topologically controlling
the triangle mesh is crucial for the creation of a stereolithog-
raphy (STL) file to be used by a stereolithography machine.
IMEdit performs powerful operations to enhance the surface
quality without deteriorating the dimensional information (for
example, “fill hole” operations, surface smoothing), and uses
specific functions specialized to reliably reconstruct portions of
the surface that could not be acquired.

The use of triangle models for dimensional investigation and
reproduction obviously requires a high level of completeness
of the 3-D surfaces. On the other hand, in visualization and
virtual reality applications, the compression of the model is
mandatory to avoid unnecessary details of the representation
and huge file dimensions. In this case, The PolyWorks IMCom-
press module is used to derive new meshes from the original
model that represent the optimal tradeoff between accuracy of
the representation and memory occupancy depending on the
considered application.

Geomagic Studio 4.1 (Raindrop Geomagic, Inc., NC) is used
to accomplish step 3). It is a market available sophisticated soft-
ware environment which creates in an automatic way the patch
layout and the nonuniform rational B-spline (NURBS) -based
representation of the shapes starting from the triangle mesh. Ge-
omagic Studio privileges the automation of the whole process
with respect to the fine local editing of the surfaces: this dra-
matically reduces the operator time and results in a CAD model
that, to our experience, can be optimized with very little addi-
tional editing.

IV. EXPERIMENTAL

A. Critical Aspects of the Measurements Process

The digitization of the “Vittoria Alata” showed up to be crit-
ical under a number of aspects. These are: 1) the high variability
of the surface color and the low level of brightness and contrast;
2) the high variability of the local curvature of the shapes; and 3)
the overall extension of the surfaces to be measured. The mea-
surement strategy applied to overcome all the above critical as-
pects is described in the following.

1) Compensation for the Surface Color and Reflec-
tivity: The color characteristics of the statue could result
into a poor quality of the two-dimensional (2-D) images that
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TABLE I
GEOMETRICAL SETUPS AND MEASUREMENT PERFORMANCE. L: STANDOFF DISTANCE; d: BASELINE; FW: WIDTH OF FOV; FH: HEIGHT OF FOV; Z RANGE:

MEASUREMENT INTERVAL; R R and R : AVERAGE VALUES OF MEASUREMENT AND LATERAL RESOLUTIONS; U : AVERAGE VALUE OF

TYPE A UNCERTAINTIES ALONG Z-RANGE

are acquired during the projection of the GCPS procedure on
the surfaces under measurement. Due to the fact that the quality
of the 3-D measurement strictly depends on the contrast and
the brightness of the intensity information in the 2-D images, it
was mandatory to ensure that the whole 8-bit dynamic of the
video camera was used to codify the intensity information from
the scene.

This goal has been achieved with appropriate calibration of
the system. The colors of the calibration master have been mod-
ified: a suitable combination of light and dark blue was chosen
for the background and the markers, respectively. The resulting
intensity images had a dynamic very similar to that of the images
taken in correspondence with the statue. The operating param-
eters of OPL-3D were estimated in those conditions, and the
quality of the 3-D data was monitored by the procedure men-
tioned in Section II-C in order to ensure that it was adequate
to the measurement. The RGB color information, naturally ac-
quired by the video camera, was then superimposed to the range
information to completely render the original artwork.

2) Use of Multiple Setups: The statue presented a high vari-
ability of shape, with a huge number of undercuts and steep
slope changes in correspondence with the head and the folds
of the dress, and with small details over very large areas in cor-
respondence with the wings. Hence, the definition of a strategy
for the number of views to be taken was mandatory, in order to
obtain an optimal model in terms of: 1) resolution; 2) overall ac-
curacy; and 3) file dimension. On one side, in fact, the archae-
ologist’s requirement was a very high definition (and, hence,
a high number of small views) of the head. The same degree
of resolution for the whole statue would have been impractical,
and would have made the alignment a hard task, and the overall
model unusable because of its dimensions. Therefore, we chose
to diversify the optical geometry of the system and obtained
views at different resolution for the various parts of the statue.
This in turn involved the onsite variation of the triangulation
parameters of the system (e.g., baseline d and standoff distance
L), followed by the calibration and the validation procedures.
As a result, three different setups were used to optimize the op-
tical geometry of the system in correspondence with the local
curvature of the shapes. Table I details the measurement perfor-

Fig. 4. Acquisition of a single view. (a) Projection of a pattern of the GCPS
sequence. (b) Corresponding point cloud.

mance of each setup. The ease of assembling of the optical head
and the speed of the estimation of the operating parameters was
strategic to perform the onsite acquisition and avoided waste of
time.

3) Strategy of the Alignment: The height of the statue and
the dimension of the wings involved the acquisition of a high
number of views. Actually, in the preliminary tests, it was ob-
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Fig. 5. Multiview acquisition of the head of the statue.

served that despite the high level of sophistication and robust-
ness of the IMAlign tool, the huge number of views to be con-
sidered resulted in a degradation of the adherence of the shapes
to the original statue. Hence, a suitable strategy for their align-
ment was designed. The approach was based on the buildup of
a low/medium resolution “shell” of the overall surface to guar-
antee the obtainment of closed surfaces. This was then followed
by the acquisition of a higher number of high-resolution views
that were aligned using the shell as the “skeleton” [27]. In this
way, we kept the number of views at a minimum, without sac-
rificing the measurement resolution. The achievement of this
compromise obviously required the use of the optical system
in different measurement setups. Actually, Setup 3 in Table I
turned out to be optimal for the acquisition of the skeleton, while
Setup 1 and Setup 2 were used for the acquisition of the views
at higher resolution.

B. Data Base of Measurements for the Study of the Statue

Prior to the beginning of the measurement, a number of
markers (4 mm wide) had been placed by the archaeologists,
in greater quantities all over the head and on the naked parts

of the body, and in smaller quantities on the other parts, wings
included. The markers had no relevance in the optical measure-
ment, but were intended to assist the archaeologists who were
not trained to the analysis of digitized images.

1) Acquisition of the Head: Considering the particular sig-
nificance of the head for the study of the statue proportions,
the digitizer has been configured at the highest resolution
(Setup1 in Table I), even at the expense of a considerable
number of views and of an increased complexity of the align-
ment process. Fig. 4(a) shows, as an example of measurement,
a particular of the head of the “Vittoria” illuminated by one of
the eleven patterns of the GCPS sequence. The corresponding
point cloud is shown in Fig. 4(b) (range plus color). This
view is characterized by a height resolution of 100 m and
a measurement uncertainty of 50 m. Fig. 5 illustrates the
result of the alignment procedure in the case of the 41-point
clouds obtained for the head of the “Vittoria.” The overall
height resolution is lower than 300 m, the Type A uncer-
tainty of the measurement spans from 50 m to 200 m. This
degradation of the measurement performance, with respect to
the optimal case of Table I, mainly depends on the presence
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Fig. 6. Error map corresponding to the multiview alignment (the errors are
expressed in mm).

of both numerous undercuts and shadow regions on the single
views, and of the alignment error.

2) Acquisition of the Body: In the first step, the “skeleton”
of the statue was acquired, with the system configured in
Setup3: 110 point clouds were gauged along predefined di-
rections suitably selected to keep the alignment error as low
as possible. These are 1) three circular “loops,” parallel to the
basement of the statue, chosen in correspondence with the
feet, the left knee, and the pelvis of the body, respectively, and
2) four vertical “stripes,” belonging to the front, back, left, and
right side of the statue, respectively. The residual zones of the
statue were gauged taking the point clouds previously aligned
as the reference.

In the second step, the accurate high-resolution point cloud
of the statue was acquired by using Setup2. First, the body was
measured by turning around the statue with the instrument at
different heights, then the arms, and finally the wings. Fig. 6
shows the error map obtained at the end of the multiview ac-
quisition and alignment process. This model is the combina-
tion of 480 views. The average measurement error spans from
90 m to 400 m for the 90% of the surface. The maximum
error is 1.5 mm in correspondence with the dress folding and the
hand-made junctions of the arms and wings. During the whole
alignment procedure, these errors were constantly monitored.

The main characteristics of the acquisition process are summa-
rized in Table II. Here, the significant parameters are represented
by the number of views acquired for each body segment and by
the time required for the acquisition and the alignment.

3) Generation of the Triangle Mesh: Following their align-
ment, the point clouds were fused together. Then, the triangle
model was created and edited. The editing session had the
purpose of: 1) filling the residual gaps between points, due to
shadowed regions, undercuts, and small holes in the surface;
2) reconstructing the surfaces which were not visible (espe-
cially at the level of the dress folding and under the feet); and
3) controlling the overall topology of the triangles. This task,
given the complexity of the statue and its extension, took a
considerable amount of time, but was greatly facilitated by the
intrinsic accuracy of the original point clouds. The 16 millions
of triangles model resulting from the editing on the whole mesh
is presented in Fig. 7 (the rendered view is shown here).

4) Gauging the Point-to-Point Distances: The triangle rep-
resentation perfectly responds to the archaeologist’s demand. In
response to the selection of any triangle pair in the model, the
system provides the distance between them in real time. Since
the model is very accurate, the measurement of a distance be-
tween the selected triangle pair is very reliable. It is obvious to
note that any marker pair can be chosen for measurement, inde-
pendently of their relative location. More than this, even in the
absence of the marker, distances can be measured between tri-
angles corresponding to specific surface features. The list of the
measurements performed by the archaeologist’s staff is shown
in a dedicated publication: 86 point-to-point distances were re-
trieved from the model of the head, and 96 from the body and the
wings [25]. These data sets strongly facilitated the study of the
statue proportions. For example, the direct comparison between
corresponding point-to-points distances belonging to the right
and to the left side of the “Vittoria” revealed rather significant
asymmetries. These ones have been further confirmed by the
measurements performed on a number of sections of the model.
One example is presented in Fig. 8, where three sections of the
statue head are shown. Among them, section S1 clearly shows
a “magnification” of the surface profile in correspondence with
the right side of the head that results from a suitable optical cor-
rection of the observer view perspective. This characteristic is in
total agreement with the sculptor objective of harmonizing the
overall statue shape with the privileged view perspective corre-
sponding to the observation of the statue from the right side. The
results of the study of the statue proportions allowed the author
to confirm his own hypothesis on the origins of the “Vittoria”
[26].

C. Further Applications

This model is not only ideal for the archaeologist’s work
but also for a number of other issues. The first application
that the availability of a triangle model has opened is the
rendering of the statue for multimedia and virtual reality. As an
example, Fig. 9 shows the appearance of the “Vittoria” before
[9(a)] and after [9(b)] the virtual removal of the wings (the
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TABLE II
PARAMETERS OF THE ACQUISITION PROCESS

Fig. 7. Result of the editing performed on the triangle model (rendered view).

surface in correspondence to the body-wing connection has
been reconstructed).

The second task was the creation of scaled replicas of the
statue by means of a rapid prototyping (RP) machine. The
30-cm-high model whole statue, shown in Fig. 10, has been
obtained. The STL file was a 3.5 million triangle model of
the statue, derived by suitable compression from the original
16 million triangle mesh of Fig. 7. Two 1:1 copies are under
construction using the original mesh.

The last application we faced was the generation of the mathe-
matics of the surfaces. Obviously, we did not want to “redesign”
the shape of the statue: instead, the objective was to verify the
feasibility of the generation of the CAD model of the surfaces,
in view of its use mainly in two tasks. The former is the recon-
struction of lost parts (for example, the fingers of the hands); the
latter is the virtual modification of the relative position of sub-
parts of the body. For example, this is the case of the position

Fig. 8. Sectioning of the statue head. (a) Position of the sections on the triangle
model. (b) Sections extracted from the model.

of the head of the statue, which seems excessively inclined with
respect to the bust.

An example of this study is presented in Fig. 11 and deals
with the generation of the CAD model of the statue (the Ge-
omagic Studio 4.1 was used to perform the elaboration). The
process was based on the definition of NURBS surfaces over the
triangle mesh. It is worth noting the complexity of the obtained
CAD model. Using suitable error maps, we verified that the ac-
curacy of the mathematics with respect to the triangle model is
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Fig. 9. Virtual removal of the wings. (a) Original model (color information,
back side). (b) Virtual rendering of the original Aphrodite.

Fig. 10. The 30-cm-high replica of the statue.

very high: 80% of the CAD surfaces adhere to the triangle mesh
within 50 m.

V. CONCLUSION

In this paper, we have shown the results of the noncontact
3-D acquisition of the “Vittoria Alata”. The activity has been
successfully responding to the original demand of the archae-
ologists to measure with high accuracy the distances between
pairs of fiduciary points.

In total agreement with other authors, we think that 3-D op-
tical gauging is bound to have a bright future in the preservation

Fig. 11. Rendered view of the CAD model of the head of the statue.

of cultural heritage through digitization of monuments, build-
ings, statues, ancient handicrafts, and archaeological findings.
With this work, we verified that the availability of high-reso-
lution, high-accuracy, optically digitized 3-D images, together
with the current availability of a number of powerful software
environments, opens the door to 1) the remote study, by the
scientist and/or their students, of the pieces of interest, from a
common and reliable data base, 2) the visualization of the pieces
to fully exploit the concept of “virtual museums,” and 3) the re-
production of the pieces (for example, with rapid prototyping
tools) to obtain high-accuracy scaled replicas.
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