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Abstract
We present a whole-field, 3D optical digitizer based on phase profilometry
and on absolute calibration, which performs shape measurement through the
projection of a single pattern of Ronchi fringes, and an absolute calibration
of the optical head. A suitably developed procedure, based on accurate
fringe analysis, implements phase extraction and allows univocal indexing
of the field of view. Accurate models express, in a global reference system,
both extrinsic and intrinsic parameters of the camera–projector pair. Proper
calibration is performed for lens distortion compensation, and to obtain the
absolute measurement of the shapes within a global reference system. The
technique requires the acquisition of a single image, shows good robustness
against fine variations of the fringe period and adapts well to the
measurement of free-form shapes in a very short time. The system is
portable, fully reconfigurable depending on the measurement requirements
and suitable for a low-cost implementation. In this paper, we present the
phase extraction method and the system calibration, and highlight the
measurement performance of the digitizer in different set-ups, using
free-form objects requiring multi-view acquisition.

Keywords: 3D optical measurement, structured light projection, phase
profilometry, system calibration, multi-view acquisition

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Optical sensors for the three-dimensional (3D) gauging of
workpieces have become increasingly relevant in the last
few years. They perform contactless measurement of
surfaces, are rugged and show good efficiency in terms of
measurement speed, especially in comparison with coordinate
measurement machines (CMMs). A wide number of
techniques and systems have been developed [1], depending
on the measurement range and resolution: interferometers,
scatterometers and autofocus devices are used to monitor the
surface quality, triangulators are widely used in micro- and
macro-profilometry of surfaces and time-of-flight systems are
employed in long-range applications. Among triangulation-
based systems, stereo-passive devices, laser slits scanning

systems and whole-field profilometers based on the projection
of non-coherent patterns of light have been deeply studied in
research laboratories; a considerable number of instruments
belonging to these categories are now available in the market
[2, 3]. The availability of 3D information opens the door to
a wide range of applications, such as inspection and quality
control, reverse engineering and rapid prototyping of free-
form shapes [4, 5], shape recognition and description [6, 7],
as well as modelling of objects and environments for virtual
reality [8].

In our laboratory, we have developed a number of 3D
profilometers based on the projection of incoherent patterns
of light [9, 10] Among these, the system called OPL-3D
adapts well to inspection and reverse engineering applications
[11–13]. OPL-3D is based on the Gray-Code and Phase-Shift
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(GCPS) projection method [14], with 11 patterns of fringes
with rectangular profile and different spatial periods projected
in subsequent time instants on the scene, and acquired by
a video camera at an angle with respect to the projector.
The fringe pattern sequence, suitably elaborated, results in
univocal coding of the projection directions. The codings are
real numbers, monotonically increasing when going from the
left to the right borders of the field of view: this results in both
a high resolution and an extended measurement range. Each
object point is expressed, in terms of its local coordinates,
by three values, i.e., one coding of the projection line and
two image coordinates. The shape information is obtained
by mapping local coordinates onto absolute measurement
coordinates, provided that the position and the orientation
of the camera–projector pair within the absolute reference,
and camera lens distortion are estimated. This is carried out
by absolute system calibration, where a plane surface, which
shows a number of fiducial markers, whose spatial location
is known at low uncertainty, is used as the calibration master
[15, 16]. The master is placed parallel to the camera, and
moved at known depths along the measurement range. At
each position, the GCPS projection sequence is operated, and
the pixel coordinates of the marker centres are measured. They
feed a least-squares algorithm that estimates the unknown
system parameters, following the approaches described in
[17, 18].

The combination of the GCPS approach with the above
described system calibration results, for OPL-3D, in low
uncertainty, portability and full reconfigurability in response
to different measurement requirements; in addition, there is no
need of a physical reference surface during the measurement.

The only serious drawback in the performance of
a digitizer operating on GCPS projection sequences is,
obviously, the overall acquisition time. This limits the
applicability of the system to static objects and scenes, and
furthermore requires the use of an expensive, sophisticated
and proprietary device [19]. Hence, we have focused our
attention on the development of projection schemes based on
the projection of a single pattern.

The first attempt led to a system based on the use of a fringe
pattern, which contained two sinusoidal fringe patterns at two
different frequencies [20]. Each component was extracted and
phase-demodulated in the natural domain of the signal [21–
23]. The two corresponding phase maps were then combined
together to yield, in a robust way, the unwrapped phase
map, whose values represented the codes of the projection
directions. The implemented phase demodulation method
extracted only the base-band component of the row signals.
Consequently, when a plane surface such as the calibration
master was illuminated by the fringe pattern, a phase map of
constant values was obtained. Hence, the absolute calibration
developed for OPL-3D could not be used to carry out the
transformation from local to absolute object coordinates. The
measurement had to be performed in two steps. In the
former, the fringe pattern was projected on a plane, which
was used as a reference for the measurement. In the latter, the
unknown surface was illuminated. The difference between
the two resulting phase maps was evaluated and used in a
very simple triangulation formula, which accounted for the
difference between the reference and the object phase maps,

the period of the fringes and two geometrical triangulation
parameters (i.e., the distance of the camera–projector pair with
respect to the reference plane and the baseline).

The measurement performance proved to be quite
satisfactory, with uncertainty ranging from 130 µm to 200 µm
over 320 mm × 240 mm fields of view. The instrument was
adequate to acquire dynamic scenes; furthermore, a simple,
inexpensive slide projector could be used. However, only
relative depths could be retrieved, and a physical reference
was necessary during the measurement. As a consequence,
the system lacked flexibility to measure complex shapes,
especially in the presence of rapid shape variations, and of
extended objects, where multi-view acquisition and alignment
are necessary.

The need to develop a single-shot approach to the
projection, which could be used even by the absolute
calibration procedure, required the choice of a more suitable
projection strategy. In this context, the projection of grid
patterns [24, 25], of dot patterns [26] and of multiple vertical
slits [27] lack in resolution and are sensitive to very textured
objects. On the other hand, multi-colour projection patterns
experience low signal-to-noise ratios due to spectral division,
and are sensitive to the surface colour [28].

The digitization method proposed here uses a novel phase-
measurement scheme, based on the projection of a single
pattern of Ronchi fringes. The method determines, with sub-
pixel accuracy, the rising and falling edges of the fringe row
signals, and extracts two new fringe patterns, at half frequency
with respect to the original one, in quadrature with respect to
each other. The ratio of these two signals is calculated and
used to evaluate the phase term, by means of the arctangent
function. After suitable unwrapping, the univocal coding
of the field of view is obtained and used during the system
calibration to estimate the unknown system parameters in the
global reference. Suitably designed procedures carry out the
compensation of the environmental illumination, and decrease
the influence of the surface reflectance. The experimental
work performed so far shows that the instrument reveals good
adaptiveness to local surface variations and adapts well to the
multi-view acquisition of objects.

2. Optical geometry of the system

The optical geometry of the system is shown in figure 1. The
exit pupil of the projector and the entrance pupil of the video
camera are represented by points Op and Oc, respectively.
Their distance d is the triangulation baseline. (Xc, Yc, Zc)
and (Xp, Yp, Zp) are the coordinate systems local to the video
camera and to the projector respectively. The optical axes of
the camera and of the projector are oriented along coordinates
Zc and Zp. For convenience, the global reference system (Xg,
Yg, Zg) is oriented as (Xc, Yc, Zc), with origin Og positioned
at the lower boundary of the measurement range Zrange. The
projector and the video camera are focused at distance L from
the field of view (FOV); FW and FH are the width and height
of the FOV, respectively.

Plane θ and plane π represent the image and the projection
planes, having their principal points located at O ′

c and O ′
p. The

focal distances are fc = OcO ′
c and fp = OpO ′

p. The reference
system at θ is defined by coordinates (k, j), parallel to Xc and
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Figure 1. Geometry of the system and principle of optical triangulation.

Yc respectively. The reference system at plane π is described
only by variable up, parallel to Xp, since the projector is column
driven and columns are oriented parallel to Yp.

The projector can be viewed as a generator of a bundle of
planes (called projection planes), all passing through point Op

and intersecting plane π along lines perpendicular to up. Given
an object point (i.e., point A in the figure), it can be viewed as
the intersection between line of sight AA′ and projection plane
α. Hence, it can be univocally determined, provided that (i)
image coordinates (kA, jA) of A′ are measured; (ii) projection
plane α is unambiguously indexed in the bundle, by assigning
it a code called light plane Lp,A and (iii) local coordinates (kA,
jA, Lp,A) are mapped into global coordinates (Xg,A, Yg,A, Zg,A).
Task (i) is performed by acquiring the intensity image of the
scene, task (ii) is accomplished by means of a suitably designed
phase coding procedure that univocally indexes all the planes
in the bundle and task (iii) is carried out by modelling and
calibrating the camera–projector pair, following the approach
in [10].

3. The phase coding procedure

The projector projects onto the FOV a bi-dimensional pattern
of Ronchi fringes, perpendicular to up. The intensity
distribution of the back-scattered pattern can be represented
at the camera level by the following expression:

Gc(k, j) =
∞∑

n=−∞
Bn(k, j) exp

[
i

(
2πn

P
k + nα(k)

)]
. (1)

In equation (1), Bn(k, j) is the non-uniform distribution of
reflectivity on the object surface, 1/P is the fundamental
frequency of the observed fringe image and nα(k) accounts for
the deformation induced by the surface shape on the projected
fringe pattern.

Signal Gc(k, j) is elaborated by rows: for this reason,
in the following, only the k coordinate will be considered.
The elaboration is performed by the procedure schematically
shown in figure 2. First, the binarization of signal Gc(k) is
accomplished. In this step, the average value of the intensity
grey levels is computed and subtracted by Gc(k). Then,
denoting by parameter Rd the whole grey level intensity range
in Gc(k), positive intensity values are set to Rd/2 and negative
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Figure 2. Block diagram of the phase coding procedure.

Figure 3. Block diagram of the edge detector algorithm.

values are set to –Rd/2. The resulting signal can be expressed
by

Gb(k) = Rd

2
·

∞∑
n=−∞

exp

[
i

(
2πn

P
k + nα(k)

)]
. (2)

In the second step of the elaboration, the edge detection
procedure shown in figure 3 is performed. The algorithm
detects the locations where positive and negative slope changes
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occur in the input signal. Due to the fact that signal Gb(k)
is symmetrical with respect to zero and can take only two
values, this operation is very robust and easily performed.
Then, two signals, denoted by gr(k) and gf(k), respectively, are
generated. The former switches between +Rd/2 and −Rd/2
in correspondence with positive slope changes in Gb(k); the
latter switches between +Rd/2 and −Rd/2 in correspondence
with negative slope changes in Gb(k). Consequently, they have
spatial period equal to 2P and are shifted by π/2 with respect
to each other. They can be expressed by

gr(k) = Rd

2

∞∑
n=−∞

exp
[
i
(πn

P
k + nα(k)

)]
(3)

gf(k) = Rd

2

∞∑
n=−∞

exp
[
i
(πn

P
k + nα(k) +

π

2

)]
. (4)

In the third step, gr(k) and gf(k) are low-pass filtered to
extract the sinusoidal components at the carrier frequencies.
A suitably developed procedure performs this task. It analyses
the signals on a pixel-by-pixel basis and carries out the
estimation of the local spatial period very precisely [29]. Then,
it low-passes the signals using a fourth-order Butterworth
filter, implemented in the IIR form. The close form of the
implementation formula allows the continuous determination
of the filter parameters to finely adapt the cut-off frequency
to the local frequency variations of signals gr(k) and gf(k).
In addition, suitable compensation of the phase distortion
inherently introduced by the filter is accomplished [30]. The
resulting signals are

grf(k) = brf(k) sin
(π

P
k + α(k)

)
(5)

gff(k) = bff(k) sin
(π

P
k + α(k) +

π

2

)
. (6)

In the fourth step, the amplitude normalization procedure is
carried out to compensate for the amplitude modulation terms
brf(k)and bff(k) in equations (5) and (6) that are induced by
the low-pass filter operation. The algorithm evaluates the
maximum and minimum values for each period of grf(k) and
gff(k). Then, it divides the amplitude of the input signals by
the detected maximum in correspondence with the positive
semi-period and by the detected minimum in correspondence
with the negative semi-period. The output signals can be
represented by

grn(k) = bff(k) sin
(π

P
k + α(k)

)
(7)

gfn(k) = bfn(k) sin
(π

P
k + α(k) +

π

2

)
. (8)

In the fifth step, the phase component is extracted by using

�W(k) = tan−1

(
grn(k)

gfn(k)

)
. (9)

Phase errors are introduced by equation (9). However, they are
reduced with respect to the case that the amplitude modulation
terms in equations (5) and (6) are left unchanged.

In the last step, the natural phase discontinuity of �W(k)
is removed, by using a spatial unwrapping algorithm based on
the evaluation of discontinuities at neighbouring pixels [31].

The elaboration of all the rows in the pattern results in the
unwrapped phase map �.

The above procedure described works optimally if (i)
the influence of the environmental illumination and of local
variations of the surface reflectivity is compensated, in order
to maximize the fringe contrast, (ii) the areas where the fringe
visibility is inadequate, due for example to shadows, to high
local curvature variations of the surface and to the acquisition
of the background scene, are detected prior to the elaboration
and marked as invalid points and (iii) a unique start zero-phase
location is provided for all the rows in the pattern.

Task (i) is accomplished by acquiring the object
under test under two different illumination conditions, i.e.,
environmental illumination and projector illumination without
the fringe pattern. The resulting two images, respectively,
denoted by Ie and Ip, are time-averaged over a user selectable
number of frames, to optimize the SNR. For the same reason,
pattern Gc is equally time-averaged at the camera level. The
fringe contrast is enhanced by combining the three images as
follows:

G′
c = Gc − Ie

Ip − Ie
NP, (10)

where Gc is the averaged fringe pattern and NP is a parameter
used to maximize the grey level dynamics of G′

c in the
0–255 range. Signal G′

c is then elaborated according to
equations (2)–(9).

Task (ii) is performed by multiplying phase map � by
the so-called mask image Im. Image Im, in turn, is obtained
by applying a suitable thresholding to the difference Ip − Ie.
The threshold denoted by Tm is user selectable: the values
that in Ip − Ie are greater than Tm are set to ‘1’, while the
others are set to ‘−1000’. Due to the incremental nature
of the phase, whenever a point is marked as invalid, all the
subsequent points in the row are marked as invalid as well: this
operation prevents error propagation in the phase evaluation
and unwrapping, even if at the expense of losing codes in the
FOV.

Task (iii) is carried out at the projection plane by
projecting the so-called synch-signal. This is in turn obtained
by setting the spatial period of the first white fringe to 2P.
Hence, the first white fringe at the left border of the acquired
image is easily distinguishable from the others. A suitable
procedure detects, for each row, the location of the sharp edge
corresponding to the white-to-black transition of this fringe,
and sets the corresponding phase value to zero. In this way, a
reference starting value for the subsequent phase increments
is set for all the rows in the image.

As an example, the behaviour of the whole procedure
when a plane surface is illuminated by the fringes is presented.
The effect of the elaboration in equation (10) is shown in
figure 4, where both signals Gc(k) (black line) and G′

c(k)

(grey line) are plotted. It is very evident that (i) the
amplitude modulation induced by the projector light on Gc(k)

is dramatically decreased in G′
c(k) and (ii) the dynamic range

of G′
c(k) is maximized. The effect of the projection of the

synch-signal is also evident in correspondence with the initial
part of both Gc(k) and G′

c(k).
Binarization, edge detection, low-pass filtering and

amplitude normalization are presented in the plots of figure 5
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Figure 4. Effect of the procedure that compensates for the
environmental illumination and for the variation of the surface
reflectivity.

(a zoomed row-wise view of the signals is drawn, for clarity).
The result of the evaluation of phase values is reported in
figure 6(a), where the wrapped phase �W(k) and the
unwrapped phase �(k) are shown. Both the signals start
from zero by means of the synch-signal. The slope of �(k)
is proportional to 1/2P. It is worth noting that, even if the
sensitivity is decreased with respect to that of the original
fringe pattern, the range spanned by the phase values (i.e.,
light planes Lp) is still high. As shown in figure 6(b), they
increase monotonically with the k coordinate and perform the
univocal indexing of the planes in the bundle over the FOV.

4. The calibration procedure

The system calibration is shown schematically in figure 7.
A calibration master is used with a pattern of grey circular
markers on a white background. The planarity of the master
is within 100 µm, and the position of the centres of the
markers is known with an uncertainty better than that expected
from the instrument. The colour of the markers is a trade-off
between two opposite objectives: the former is to prevent the
masking of the markers, the latter is to ensure that the marker
centres are accurately measured. The master is mounted on a
translation stage, and is positioned along Zg at distance L from
the optical head. The phase coding procedure described in
section 3 is carried out, and phase map �0 is correspondingly
determined. After this operation the intensity image I0 of the
master is acquired and the sub-pixel detection of the marker
centres is accomplished. Denoting by (kc, jc) the image
coordinates of a generic centre C, the triple of coordinates
(kc, jc, Lp,c) univocally determines its position in the local
reference systems. The master is then moved to known
positions Zn along the measurement range. Correspondingly,
for each position, phase map �n is evaluated and the intensity
image In is acquired and elaborated. As a result, a considerable
number of points in the measurement volume are detected.
Half of them, called measurement points, are denoted in the
figure as {(kc, jc, Lp,c)}M and are input to the procedures that
estimate the camera and the projector parameters (i.e., blocks
CM and PM in figure 7). The other half, called control points,
are denoted in the figure as {(kc, jc, Lp,c)}C and are used to
control the quality of the estimate.

Block CM models the camera following the approach
described in [17]. A nonlinear, iterative algorithm is

(a)

(b)

(c)

(d)

Figure 5. Example of the elaboration performed in the first four
steps of the phase coding procedure: (a) binarization, (b) edge
detection, (c) low-pass filtering, (d) amplitude normalization.

implemented to estimate six extrinsic parameters that express
the pose and the orientation of the device in the reference
system (Xg, Yg, Zg) and nine intrinsic parameters, that represent
the focal length, the principal point coordinates, the horizontal
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(a)

(b)

Figure 6. Example of the elaboration performed in steps (v) and
(vi) of the phase coding procedure: (a) wrapped phase �W(k) (solid
line, left scale) and unwrapped phase �(k) (dotted line, right scale),
(b) grey level representation of the unwrapped phase map � over the
whole FOV.
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Figure 7. Scheme of the system calibration procedure.

scale factor, and five distortion parameters (both the radial and
tangential distortions are compensated for).

Block PM models the projector following the pin-
hole camera model [18]. A linear algorithm is used that
estimates the extrinsic parameters and the focal length. The
compensation of distortion is not possible in this case, due to
the fact that the projector is column driven, and the system
behaviour along the coordinate parallel to the fringes cannot
be modelled.

Blocks CM and PM must be fed both by internal
coordinates {(kc, jc, Lp,c)}M and by the corresponding global
coordinates {(Xg,c, Yg,c, Zg,c)}M of the measurement markers.
The output is represented by the camera and by the projector
parameters. These are used as the input to the measurement

 

Figure 8. The system prototype.
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Figure 9. Type A uncertainties across the Z range for the three
set-ups in table 1.

Figure 10. The acquired vase.

block, which is represented by a system of three linear
equations. The first equation models the projection plane
to which each object point belongs. The other two equations
express the line of sight under which each point is viewed at the
image plane. The unknowns are the global coordinates of the
centres of each control marker, while the known coefficients
are the corresponding local coordinates {(kc, jc, Lp,c)}C.
These coordinates are input to the measurement block. The
estimate {(Xg,c, Yg,c, Zg,c)}E of the global coordinates of the
control points are correspondingly output. They are compared
to the global coordinates {(Xg,c, Yg,c, Zg,c)}C in the check
block. A statistical analysis is performed on the distribution of
the difference between the two sets of coordinates, following
the approach described in [10]. Suitable figures of merit are
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(a)                                    (b)

  
(c)                                                     (d)

Figure 11. The acquisition of a single view of the vase: (a) fringe
pattern deformation, (b) normalization of the previous image, (c)
masked image Im, (d) phase map �.

used to verify that the measurement performance is adequate.
In this case, the calibration stops, otherwise it must be
performed again.

5. The measurement procedure

In the measurement procedure, the unknown object is
positioned at distance L from the FOV, taking care that the
synch-signal at the left border of the acquired image is visible.
Then, the phase coding procedure is carried out and the image
point coordinates are measured. The same measurement block
as that presented in section 4 is fed by image coordinates and
light planes Lp. These values are the known coefficients in the
system of linear equations mentioned above. The solution of
this system gives the global coordinates of the object points.

6. Experimental apparatus and measurement results

The system prototype is shown in figure 8. The optical head
is composed of an analogue CCD video camera (Hitachi
KP-D50), at standard resolution (752 × 582 pixels), and
of a market-available, low-cost LCD video beam at SVGA
resolution (Sanyo PLC-XL20 PROxtraX). Both the devices are
mounted on a rigid bar, which is fixed on a robust tripod. First,
a number of experimental tests were performed to evaluate the

  
(a)                (b) 

Figure 12. The acquisition of a single view of the vase: (a) 3D raw
data, (b) 10 mm spaced cross-sections of the triangle mesh.

Table 1. Summary of the geometrical setups used for the
characterization of the instrument. L: stand-off distance, d: baseline,
FW: width of FOV, FH: height of FOV, Zrange: measurement interval.

Geometrical set-up Setup 1 Setup 2 Setup 3

L (mm) 850 1050 1050
d (mm) 240 240 290
FW (mm) 220 300 300
FH (mm) 200 240 240
Zrange (mm) 40 70 70

measurement uncertainty of the instrument in correspondence
with different geometrical set-ups. Second, the acquisition of
different target objects was carried out. In the following, the
most significant results are detailed.

6.1. Evaluation of the measurement uncertainty

In order to estimate the measurement uncertainty, the following
steps were performed: (i) choice of the geometrical set-ups to
be considered, (ii) calibration of the system according to the
procedure described in section 4, (iii) measurement of a plane
surface located in correspondence with known positions Znom

along Zg and (iv) a statistical analysis of the acquired point
clouds to estimate the measurement errors.

The statistical analysis was performed through calculation
of the average µz and of the standard deviation σ z of the
difference between measured (Zmeas) and known (Znom) depths,
for all points in the clouds. Then type A uncertainty Iz was
evaluated, according to the following formula [32]:

Iz =
√

µ2
z + σ 2

z . (11)

Parameter Iz was evaluated for the system set-ups summarized
in table 1. The corresponding plots are shown in figure 9.
Setup 1 shows the lowest uncertainty, with a mean value over
the whole range equal to 153 µm; the uncertainty undergoes a
degradation at Zrange = 40 mm, mainly because, for this set-up,
the depth of focus of the projector–camera pair is very low,
and defocusing is noticeable. Setups 2 and 3 present increased
uncertainties, whose mean values along the whole range are
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equal to 250 µm and 233 µm, respectively. This is by no
means surprising, considering the increased dimension of both
the FOV and of the measurement range with respect to setup
1. In addition, setup 3 shows lower uncertainty with respect
to setup 2, according to the higher value of the triangulation
baseline.

6.2. Measurement examples

In order to verify the instrument capabilities, a suitable set of
objects made of different materials and having various shape,
volume and colour features was gauged.

The first target is the 215 × 190 × 180 mm3 (height ×
width × depth) clay vase in figure 10. This object was
thought to be of interest to assess the robustness of the
measurement in the presence of both local variations of the
surface reflectivity and of reduced grey scale dynamics, due
to the surface colour. The system was calibrated according
to the geometry of setup 3 in order to grab, in a single view,
a significant portion of the surface. Figure 11(a) shows the
deformation induced by the vase shape on the projected fringe
pattern (in this test, the spatial period P was set to 11 pixels);
in the image, the largest, white fringe on the left used to
calculate the synch-signal is clearly visible. Figure 11(b)
shows the effect of the signal optimization task expressed by
equation (10). This figure highlights that (i) the fringe contrast
is increased with respect to the pattern in figure 11(a) and (ii)
the local variations of reflectivity due to the surface curvature
and to oblique illumination are almost completely removed.
Figure 11(c) presents the mask image Im. Here, black points
represent invalid points, where the fringe visibility is lost,
due to either excessive surface bending or to the acquisition
of the background scene. Figure 11(d) is the grey scale
representation of the unwrapped phase map �. The light
planes are evaluated by rows: they are set to zero by means
of the synch-signal, and increase monotonically from the left
to the right of the image until the first masked point is found.

Figure 12(a) shows the acquired point cloud. To assess the
measurement quality, the 3D raw data were used to derive the
triangle mesh. After that, both horizontal and vertical cross-
sections were extracted from the mesh. These are shown
in figure 12(b). Suitable polynomial fitting of the cross-
sections was performed and used as a reference to evaluate the
variability of the measurement. The uncertainty Iz evaluated
over the distribution of the difference between original data
and fitted lines is equal to 240 µm, in total agreement with the
expected uncertainty for this set-up.

The second object is the 240 × 150 × 160 mm3 (height ×
width × depth) polystyrene-made mannequin head shown in
figure 13(a). It was purposely chosen to test the system
behaviour when the acquisition of multiple views is of interest.

To optimize the measurement performances, the system
was configured according to setup 1. The whole surface was
covered by acquiring and by aligning 13 partial views (the
PolyWorks suite of programs, from InnovMetric Inc. was
chosen to carry out this task). The achieved result is shown in
figure 13(b). The quality of the measurement was evaluated
by calculating the standard deviation of the point-to-point
distances between adjacent views, in correspondence with the
overlapped regions: in the worst case, a value of 180 µm was

(a)

(b)

Figure 13. The acquisition of the mannequin head: (a) the target
object, (b) multi-view acquisition and alignment of the object.

Figure 14. Zoomed view of the triangle mesh of the mannequin
face (wire-frame view).
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(a) (b) (c)

Figure 15. The acquisition of the perfume bottle: (a) target object, (b) fringe pattern deformation, (c) corresponding point cloud.

Figure 16. Wire-frame view of the perfume bottle compressed
mesh.

observed. The views were then fused together into a single
point cloud and the triangle mesh was created. A zoomed
view of the triangle model is shown in figure 14: the accuracy
of the wire-frame is adequate for modelling and CAD-CAM
applications.

The third target is the 135 × 60 × 45 mm3 (height ×
width × depth) perfume bottle, reproducing the form of a
female body, shown in figure 15(a). The shape of this object
was thought to be adequate to test the ability of the system to
follow local curvature changes. Due to the reduced dimension
of the measurement volume, the optical head was configured
according to setup 1. As an example, both the deformed fringe
pattern and the 3D raw data corresponding to the front side of
the object are shown in figures 15(b) and (c), respectively.
The whole object was gauged by acquiring and aligning six

point clouds. These were then fused together and the 356 000
triangle mesh, 9 MB file was created. It was then compressed,
in order to reduce the file dimension, while maintaining the
shape details. The resulting 1497 triangle mesh is presented
in figure 16.

7. Conclusions

In this paper, a 3D profilometer using the projection of a single
pattern of fringes has been presented. The instrument is based
on a novel phase coding procedure that univocally indexes the
FOV and adapts well to calibrate the projector–camera pair in
an absolute way. The system is portable, fully reconfigurable
and suitable for the multi-view acquisition of free-form shapes,
as well as for the acquisition of dynamic scenes.

Further work will cover two aspects. The former is aimed
at increasing the measurement performance, by using a video
camera at high resolution combined with a slide projector.
The latter focuses on avoiding phase unwrapping errors due
to either reduced fringe visibility or to object steps larger than
the fringe period. To do this, we will investigate the use of
a 3-CCD video camera for the multi-channel projection of
two fringe patterns at different spatial periods, according to a
reduced temporal unwrapping scheme [33].
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[30] Oppenheim A V, Schäfer R V and Buck J R 1999
Discrete-time Signal Processing 2nd edn (Englewood
Cliffs, NJ: Prentice-Hall)

[31] Takeda M, Ina H and Kobayashi S 1982 Fourier-transform
method for fringe-pattern analysis for computer-based
topography and interferometry J. Opt. Soc. Am. 72 156–60

[32] ISO 2004 SPIE Guidance for the use of repeatability,
reproducibility and trueness estimates in measurement
uncertainty estimation ISO/TS 21748:2004

[33] Kinell L 2004 Multichannel method for absolute shape
measurement using projected fringes Opt. Laser Eng.
41 57–71

1766

http://dx.doi.org/10.1016/S0736-5845(01)00026-6
http://dx.doi.org/10.1016/S0360-8352(98)00011-4
http://dx.doi.org/10.1109/19.850406
http://dx.doi.org/10.1063/1.1561602
http://dx.doi.org/10.1016/j.rcim.2004.03.001
http://dx.doi.org/10.1007/s00170-004-2122-7
http://dx.doi.org/10.1109/TIM.2004.838915
http://dx.doi.org/10.1016/S0262-8856(97)00053-X
http://dx.doi.org/10.1109/34.159901
http://dx.doi.org/10.1016/S0031-3203(01)00126-1
file:www.abw-3d.de
http://dx.doi.org/10.1088/0957-0233/16/5/009
http://dx.doi.org/10.1109/19.310169
http://dx.doi.org/10.1109/19.286354
http://dx.doi.org/10.1109/34.216735
http://dx.doi.org/10.1016/S0143-8166(02)00148-3

	1. Introduction
	2. Optical geometry of the system
	3. The phase coding procedure
	4. The calibration procedure
	5. The measurement procedure
	6. Experimental apparatus and measurement results
	6.1. Evaluation of the measurement uncertainty
	6.2. Measurement examples

	7. Conclusions
	Acknowledgments
	References

