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Abstract—Three-dimensional surface acquisition is a subject
that has been studied to a large extent; a significant number
of techniques for acquiring shapes have been proposed, and a
wide range of commercial solutions is available. Nevertheless,
today’s systems still have difficulties when digitizing objects that
are transparent or semitransparent in the visible range. In this
paper, some of the issues of traditional scanning systems are
addressed by considering the radiative properties of materials.
As a result, an infrared laser light-based scanner is presented for
successfully acquiring the shape of complex surfaces by analyzing
heat patterns that are emitted by the object.
Index Terms—Laser scanner, nonopaque objects, shape-fromheating, three-dimensional shape acquisition.

I. I NTRODUCTION

R

ECENTLY, techniques for 3-D reconstruction of objects
through observation have been extensively investigated.
Such 3-D digitization techniques have a wide range of applications from virtual medical applications to 3-D object
recognition. Geometry is one of the most important aspects
of 3-D reconstruction since one can measure the shape of an
object and compare it to its computer-aided design model to
calculate its error map from its original ground truth. The
computer vision community has extensively developed techniques to determine the shape of objects [1], [2]. Laser-lightbased scanning systems are probably the most commonly used
solution for acquiring the 3-D shape of objects [15]; however,
for nonopaque materials, there is no applicable solution available yet. To recover the 3-D shape, powder is usually used to
change the surfaces to diffuse surfaces. This is troublesome,
and the thickness of powder influences the accuracy of 3-D
measurement. Recently, Saito et al. [3] and Myasaki et al. [4],
[5] have developed a technique relying on the “shape from
polarization,” which was, later on, applied to metallic specular
surfaces [27]. Even so, recent technology enables high-speed
polarization imaging [13]; the experimental procedure of this
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technique is too complicated for outside laboratory applications. Recent works based on polarization coupled with inverse
ray tracing [6] led to promising results, which cope with some
of the cons of the previous methods by taking into account
the interreflections and not suffering from the ambiguity of
the incident angle. However, this technique is still based on
numerous assumptions such as a known back surface shape,
a known refractive index, and a homogenous lighting system
that cannot be guaranteed for any object shape. Other methods
that estimate the 3-D shape of transparent objects without
using polarization have been proposed. Hata et al. [7] and
Yamazaki et al. [18] estimated the surface shape of transparent objects by analyzing the deformation of the light that is
projected onto the transparent objects. Morris and Kutulakos
[42] proposed a method based on scatter-trace photography
that provides good results for complex objects with an inhomogeneous interior. Ohara et al. [8] estimated the depth of the
edge of a transparent object by using the shape from focus.
Ben-Ezra and Nayar [9] used the structure from motion to
estimate the parameterized surface shape of transparent objects.
These methods, however, do not estimate the arbitrary shapes of
transparent objects. Trifonov et al. [10] have recently estimated
the shape of a transparent object through visible tomography.
However, their technique requires immersing in a liquid the
object to be digitized and assumes perfect index matching
(to avoid spurious interreflections) between the fluid and the
object. Hullin et al. [41] have developed a similar technique
by immersing the object to be digitized in fluorescent liquid.
Other techniques such as conoscopic holography, dynamic
lighting, reflection models, or other model minimization-based
techniques have been proposed; however, a fast and accurate
noncontact acquisition technique for non-Lambertian surfaces
has not yet been developed [21]–[26], [28].
This paper presents a new approach for addressing some of
the issues of visible light laser scanners (Fig. 1) by considering
the radiative properties of materials. An example analysis for
soda-lime glass objects is presented, and a prototype IR laser
scanner is developed for demonstrative purposes.
Similar techniques based on an IR sensor to infer 3-D information have recently been developed: Pelletier and Maldague
[19] were among the pioneers to work on this idea. Their
technique (“shape from heating”) requires a presegmentation of
the image to isolate linear patches and nonlinear patches, which
are, afterward, used to lead to “extraction of relative depth” and
“extraction of surface orientation.” The technique is restricted
to simple shapes such as cylinders, and accurate measurements
for more complex objects have not yet been achieved. An
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Fig. 1. Laser-triangulation-based scanner; the pattern deformation is analyzed
to determine the depth.

extension of this technique, called the “shape from amplitude,”
has recently been proposed [20]. The technique uses amplitude images that are obtained in pulse phase thermography.
Ming et al. [11], [12] calibrated an IR camera that acquires a
sequence of 2-D thermographic images and then reconstructed
the 3-D temperature distribution from the captured 2-D thermal
images by the Octree carving technique. This technique is
based on imaging the heat released by a surface that is being
mechanically processed and is, by its principle, close to our
system; however, the 3-D reconstruction principle based on the
shape from silhouette is totally different from our technique.
Sadjadi [14], [16] and Prakash et al. [17] proposed a passive
stereoscopic system. Both techniques suffer from the lack of
texture on IR images leading to a sparse 3-D representation. To
cope with this lack of information, our system relies on an IR
pattern that is being simply projected onto the object [39], and
the heat released by the object (which has been heated by the
IR radiation) is then imaged by a spatially calibrated IR sensor;
the technique relies, therefore, on the observation of the emitted
pattern.
The rest of this paper is organized as follows: The first
part presents the background that is related to the radiative
properties of a material. The second part deals with our model
of laser heating, and some simulations are presented. The third
part is related to our 3-D laser scanning method and explains
our calibration technique based on the complete quadrangle
and the cross ratio. The last part is dedicated to some results
that show the efficiency of our method. This paper ends with a
short conclusion that presents our contribution, as well as some
insights for future work.
II. R ADIATIVE P ROPERTIES OF M ATERIALS
When the literature refers to nonopaque materials or nonLambertian surfaces, it usually means that the material properties allow visible light to pass through or that the light is
reflected in a particular way (Fig. 2). Nonetheless, the electromagnetic radiation outside the visible spectrum also interacts
with matter in a manner that could be described as a com-
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Fig. 2. Behavior of light on different surfaces. (a) Specular surface.
(b) Diffuse surface. (c) Transparent surface.

Fig. 3. Response of a semitransparent medium to electromagnetic radiation.

bination of transmission, reflection, and absorption of energy.
For example, flesh is transparent to X-rays, while bone is not,
making X-ray imaging useful for medicine.
As in the case of X-rays, by studying the radiative properties
of materials, it is possible to adapt different shape acquisition
techniques to work with surfaces that are normally impossible
to scan using visible light sources. A special case using IR
imaging was developed.
Fig. 3 illustrates three possible responses of a semitransparent medium to irradiation. Without having to enter into
details, from the heat transfer theory, it is possible to establish
a radiation balance, where the irradiation equals the sum of the
reflection, absorption, and transmission terms, i.e.,
Gλ = Gλ,refl + Gλ,abs + Gλ,trans .

(1)

To quantify the amount of irradiation being absorbed, reflected, and transmitted, different coefficients have been defined
(i.e., α, ρ, and τ , respectively). In the most general case and
assuming negligible temperature dependence, these coefficients
depend on the angle of incidence θ and on the radiation wavelength λ. Then, for a particular medium, the following balance
can be derived:
αθ,λ + ρθ,λ + τθ,λ = 1.

(2)
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TABLE I
SUMMARY OF SOME THERMAL PROPERTIES OF SODA-LIME GLASS AND AIR

Finally, Kirchoff’s law equates the following spectral directional properties:
αθ,λ = θ,λ

(3)

where  is the surface emissivity. It is only a contrast between
the emission of a particular body and the ideal behavior of a
black body at the same temperature.
Different materials have different absorption, reflection, and
transmission coefficients, depending on the radiation wavelength λ. At wavelengths over 5 μm, glass is no longer
transparent and, on the contrary, presents a behavior that is a
combination of reflection and absorption [39]. In general, most
materials absorb radiation with wavelengths over 5 μm, and
this results into an increase in temperature. The increase in
temperature can then be observed with a spatially calibrated
camera to recover the 3-D coordinates of the object.
Some of the thermal properties that will be useful for studying the behavior of soda-lime glass are summarized in Table I.
III. L ASER H EATING M ODEL FOR S IMULATION
At the working wavelengths, most suitable imaging sensors
are very sensitive to direct irradiation, and they can be damaged.
For this reason, only the generated heating pattern (re-emitted
by the surface) will be analyzed. To do so, when the laser beam
is on, the camera field of view is obstructed by a construction
material, and then the beam is obstructed when the camera sees
the heat-released pattern.
To determine the optimal parameters and limitations for acquiring image sequences (i.e., heating time, cooling time, laser
shape, laser power, minimum acquisition time, etc.), a model
for studying the laser heating of glass is used. Furthermore, it
would be possible to ensure that the operating conditions are
such that the material characteristics will not be altered (i.e.,
burning or melting the material, creating fractures due to stress,
or degrading any of the surface properties).
Many authors have studied the laser heating of glass [29]–
[33]. Jiao and Wang [29], similarly to Tian and Chu [30],
explored the possibility of considering the laser as a volumetric
heating source and as a superficial source. As the experimental
results revealed, the latter assumption suffices for our analysis.
The following additional assumptions are made.
1) Since a narrow temperature range is studied, all the
thermodynamic parameters of glass are considered to be
isotropic and temperature independent.
2) The temperature of the glass under the laser irradiation is
lower than the transition temperature of soda-lime glass

Fig. 4.

Piece of glass irradiated by an IR laser beam.

(Table I), and the tension stress is lower than the critical
value of the fracture (70 MPa). Hence, the phase change
and the cutting groove are not considered.
3) Heat transfer is not affected by thermal expansion. Inertia
effects are negligible.
4) The laser beam is regarded as a surface-heating source
[30].
5) The superficial heat irradiation is negligible in the area
without laser heating.
According to the previous assumptions and with the reference system shown in Fig. 4, the following system of differential equations can be established [34]:
∂T
= k∇2 T
ρc
 ∂t 

Heat equation
T (0) = T0
  
Initial conditions

(4)

(5)



∂T
4
−k
= αI(x, y, z, t)
+ h(T − Text ) + σ T 4 − Text


 



 
 ∂z
Convection
Irradiation
Radiation
Conduction
(6)
at z = 0 and
∂T
−k
= h(Tn − Text ), outside the laser spot



 ∂n
Convection
Conduction

(7)

where k is the thermal conductivity of glass, c and ρ are the
heat capacity and the material density, respectively, T0 is the
initial temperature of glass, Text is the environment temperature, Tn denotes the temperature of the area without laser
heating, h is the convection heat-transfer coefficient with air,
σ is the Stefan–Boltzmann constant, I(x, y, z, t) is the density
of the laser power, α is the absorption coefficient, and n is the
direction cosine of a boundary.
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The density I of the laser power can be described by a
uniform distribution and an impulse function, so that for a laser
with optical power P0
I(x, y, z, t) =

P0
δ(z) ∀ x2 + y 2 < r2 ∈ .
πr2

(8)

Then, the solution of these equations can easily be approximated by using the finite-element method.
For the simulation, the following parameters were used.
• The glass material parameters are obtained from Table I.
• The heat flux for the laser spot boundary condition (boundary 1) is set according to (8), so that it corresponds to
laser optical power of 400 mW, and the beam diameter
is 2.4 mm.
• A convection heat transfer coefficient of 10 W/(m2 · K) is
assumed.
• The external temperature is set to 300 K.
• Only idealized radiation is considered using an emissivity
value of  = 0.92.
• A time step of 20 ms, which corresponds to the minimum
acquisition period of the IR camera, and a total simulation
time of 7 s are set.
Fig. 5 presents some of the results that are obtained using our
model.
IV. T HREE -D IMENSIONAL L ASER S CANNING
As in the case of a standard laser scanner, a laser peak
detection method is required for determining the image pixels
where the laser pattern is located. Since the object to be scanned
is initially at temperature T0, after projecting a laser plane,
the temperature along the intersection with the object’s surface
will rise. To segment the interest region, it is only necessary to
threshold the image at a given temperature, which is selected
by analyzing the image histogram. According to the energy
conservation principle, under the absence of any other heat
sources, it is guaranteed that the temperature gradient at the
laser intersection will be maximum. In our configuration, some
background reflections were removed by a region-growing approach and selection of the longest region (due to the laser line;
Fig. 6). Subsequently, the laser peak is found by computing the
zero crossing of the segmented temperature gradient along the
x-direction (Fig. 7; i.e., the first derivative along the segmented
image rows) [35].
Finally, a calibration algorithm based on the concept of the
complete quadrangle was used to obtain a transformation that
relates the extracted image pixels with the real 3-D world
coordinates. Indeed, some other calibration techniques perform
an initial calibration for obtaining the camera’s intrinsic parameters and the location of a reference plane, and then perform
a second calibration step for the laser plane (see [36]). This
is not suitable since a custom IR calibration rig has to be
designed, and the imaging parameters have to be set up for
the first camera calibration. Briefly, this technique is based on
elementary concepts from projective geometry [38], [40] that
will be summarized hereafter. Let us first introduce the cross
ratio of a pencil of four lines, defined by the four points of
the intersection of a fourth line, not penetrating the pencil.

Fig. 5. Three-dimensional mesh generation for finite element analysis (FEA).
(a) Three-dimensional mesh of nodes. (b) Front view of the simulation results
at t = 1.24 s. (c) Transversal cut to visualize the volumetric heat transfer.
(d) Simulated average temperature evolution at the laser spot.

The intersection points A, B, C, and D are shown in Fig. 8.
Equations (9) and (10) define the cross ratio, where λ1 , λ2 , and
λ3 refer to the distances AB, AC, and AD, respectively, and
λ1 , λ2 , and λ3 refer to the distances A B  , A C  , and A D ,
respectively, i.e.,
AC.BD
AD.BC
λ2 · (λ3 − λ1 )
k=
λ3 · (λ2 − λ1 )

Cr{A, B; C, D} = k =

λ2 =

k · λ3 · λ1
.
(k − 1) · λ3 + λ1

(9)
(10)
(11)
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Fig. 6. Laser peak detection.

Fig. 7. Subpixel determination of the laser peak.

Fig. 9. Complete quadrangle principle. (a) Complete quadrangle. (b) Quadrangle made of glass for the calibration and visualization of the heat pattern
released.

on the intersection of opposite sides is harmonic. For instance,
Cr{F A, F B; F E; F G} = −1.
To calibrate the system, we would like to find a transformation W TL between the 3-D surface points and the extracted
image points (Fig. 10). This can be linearly approximated by
⎡
⎤
⎡ ⎤ ⎡ t11 t12 t13 ⎤ ⎡ ⎤
sX
u
u
⎢ sY ⎥ W
⎢ t21 t22 t23 ⎥ ⎣ ⎦
⎣
⎦ = TL (4×3) · ⎣ v ⎦ = ⎣
⎦· v .
t31 t32 t33
sZ
1
1
t41 t42 t43
s
(12)
Fig. 8. Cross ratio of a pencil of lines.

It can be demonstrated that under projective transformations,
the cross ratio is invariant and is useful for determining
any fourth projected point from the knowledge of only three
points [35].
The complete quadrangle, on the other hand, is any set of
four nonaligned points, as shown in Fig. 9. It defines seven
points in total, i.e., A to G, and the pencil of four lines based

Arranging and grouping the terms, a homogeneous system
of three equations with 12 unknowns is obtained, and it can be
solved using the total least squares technique.
Triangulation is a straightforward step since, from (12), it is
evident that once W TL is known, 2-D points in the image frame
can be directly transformed to 3-D points in the world reference
frame by a simple matrix dot product operation.
As a previous step, the 2-D image points are uniquely determined by using the previously proposed laser peak detection
method.
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Fig. 11. Comparison of real data and simulated ones in our thermal model.

To perform the calibration step, a complete quadrangle made
of glass was manufactured. Several IR images of this quadrangle were taken at different known depths, as illustrated in
Fig. 10. To estimate the 2-D–3-D correspondences, point Pa is
the first to be estimated in 3-D since we know the value of the
cross ratio from the 2-D image and the value of the three other
3-D points (i.e., A, B, and G). The same situation applies for
Pb and the 3-D points C, D, and G. Subsequently, additional
correspondences are found by considering the points defined
in Fig. 10. By selecting random points P L in the segment
A D , it is possible to find the corresponding 3-D points PL
by computing the cross ratio value in the image plane (using
points F , A , D and P L), together with the knowledge of
points F, A, and D. Then, it is only necessary to find the intersections P r and P s in the image plane for posteriorly using
once more the cross-ratio relations to compute the most accurate correspondences for Pr and Ps. After storing the desired
2-D–3-D correspondences, one has to find transformation W TL
by using the total least squares technique described earlier.
V. E XPERIMENTAL R ESULTS

Fig. 10. Experimental calibration procedure. (a) Determination of 2-D–3-D
correspondences using the complete quadrangle. (b) Positioning of the complete quadrangle at different known depths. (c) Computation of additional
correspondence points.

The superficial laser heating model of glass was validated by
comparing the simulation results with those of a real sequence
(Fig. 11). The error is mainly associated to using standard
coefficient values instead of directly measuring them from the
sample.
Similar simulations were performed, considering optical
laser power of 400 mW, to generate a temperature difference
of 1 ◦ C during the scanning process. The experimental setup
that is used for scanning is illustrated in Fig. 12.
To perform a complete 3-D reconstruction, the glass was
translated in front of the experimental system by using steps
of 1 mm along the x-direction. With the aim being to present
the feasibility of this new technique, the 1 mm along the xdirection was chosen for convenience due to the symmetry of
the inspected object, as well as to prove that heat does not have
time to build up even for short displacement steps. This point
will be further stressed out in a coming research study where,
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Fig. 12. Experimental setup.

An example of a reconstructed object and its comparison to
the same object after having being coated and digitized using a
commercial 3-D scanner is presented in Fig. 13.
From these measures, an error of less than 1% was found,
and further experiments have to be performed to fully validate
the accuracy on this new system. The larger errors on the foot of
the glass are due to the commercial scanner, which is sensitive
to the slope of the object due to its reflection principle, whereas
our system that relies on emission is not affected.
VI. C ONCLUSION
It has been demonstrated that it is possible to acquire the
shape of nonopaque objects by studying the behavior of materials outside the visible light spectrum. Accurate point clouds
of transparent glass objects have been obtained by using a
prototype system that only required a single IR camera (a short
wave is preferred, but a long wave can also be used) and IR
laser. Well-known triangulation techniques have been successfully applied for analyzing the heating pattern deformation,
providing a novel and simple method that could match the
performance of other approaches such as light polarization,
conoscopic holography, dynamic lightning, reflection modeling, and other model minimization methods. Finally, future
work will focus on improving the mechanical setup.
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Fred Truchetet was born in Dijon, France, on
October 13, 1951. He received the M.S. degree
in physics and the Ph.D. degree in electronics
from Dijon University, Dijon, in 1973 and 1977,
respectively.
For two years, he was with Thomson-CSF as a
Research Engineer. He is currently a “Professeur des
Universités” with Le2i, Unite Mixte de Recherche,
Centre National de la Recherche Scientifique 5158,
University de Bourgogne, Le Creusot, France, where
he is also the Vice President. He has authored or
coauthored more than 150 international publications and three books. He
is the holder of three patents. His research interests are focused on image
processing for artificial vision inspection, particularly on wavelet transform,
edge detection, and 3-D image processing.
Dr. Truchetet is a member of the Groupe de Recherche et d’Etudes du
Traitement du Signal et des Images and The International Society for Optical
Engineers (SPIE). He was the Chairman of the SPIE Conference on wavelet
applications in industrial processing and a member of numerous technical
committees of international conferences in the area of computer vision.

Olivier Aubreton was born in Vichy on August 31,
1973. He received the aggregation examination in
2000 and the D.E.A. degree (equivalent to the M.S.
degree) in image processing in 2001.
Since September 2005, he has been an Assistant Professor with the Laboratory Le2i (Vision
3-D team), Institut Universitaire de Technologie,
Le Creusot, France. His research interests include
the design, development implementation, and testing
of silicon retinas for pattern matching and pattern
recognition. He is currently working on two subjects:
the development of new solutions for 3-D reconstruction of problematic surfaces (specular and transparent objects) and the development of 3-D processing
approaches for salient point detection on 3-D meshes.

David Fofi received the Ph.D. degree in robotics
and computer vision from the University of Picardie
Jules Verne, Amiens, France, in 2001.
Since September 2002, he has been a Researcher with the Laboratory Le2i, Unite Mixte de
Recherche, Centre National de la Recherche Scientifique 5158, University de Bourgogne, Le Creusot,
France, where, in 2007, he became the Head of the
3-D Vision Team. He is currently a Full Professor
with the University of Burgundy, Dijon, France. His
main research interests include 3-D vision, projectorcamera systems, structured light, and catadioptric vision.

