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Abstract—3D scanning has been investigated for several ysar
and most of the proposed approaches assume a difeusr near
diffuse reflectance of the object’s surface, alscatted cooperative
surfaces. For the case of “non cooperative surfacessuch as
transparent objects or mirror-like surfaces, usually, a thin layer
of powder is sprayed onto the object surface (to nhk& it opaque
and diffuse) prior to its digitization. This extra dep is
troublesome, time consuming (the object needs to beleaned
afterwards), and the final accuracy is often depereht on the
powder thickness and its homogeneousness. To avotust step,
various methods have been investigated over the tafew years.
We propose in the paper to focus on three methodsat we have
been investigating over the last 10 years and compal their
efficiency with those presented in the literature

Keywords—3D Digitization, non diffused surfaces, Skagrom
polarization, Scanning from Heating, Shape from Ioded
Fluorescence.

. INTRODUCTION

Machine vision systems which appeared in the imgl5
years ago have greatly benefited both from sensewtution
and from computing resources. Nowadays, systemsureall

stereovision, shape-from-X (shading, optical flomotion,
focus, defocus...).

For the case of “Non Lambertian objects”, such as

transparent objects or mirror-like surfaces, usuallthin layer
of powder is sprayed onto the object surface (tkenibopaque
and diffuse) prior to its digitization. This extratep is
troublesome, time consuming (the object needs toldémned
afterwards), and the final accuracy is often depahan the
powder thickness and its homogeneousness.

To avoid this step, various methods have been figated
over the last few years. An exhaustive and rea@néw can be
found in [2] which was further completed by Meriaad et al.
[3] for the case of transparent objects. Also,rdwent paper of
Osorio et al. released in 2012 [4] presents a tigirditerature
review and an original technique which relies onltimu
wavelength range sensing which is very similarhe shape
from induced fluorescence [5] which will be presshlater on.
Most of the presented methods : shape from distof6], light
path triangulation [7], scatter trace photograly Phase-shift
method [9], visible tomography [10], Multipeak rangmaging
[11], polarisation [12], polarisation and phaseftsig [13],
specular flow [14], immerse light projection assded with
fluorescence [15],.... which originally come frohetcomputer

kind of parameters and rely on complex data such agraphics community, require some a priori aboutdhiect or

multispectral information, polarization informati@as well as
3D information. These information are associateth viiigh
level image processing and powerful classificagohemes led
possible by the high computing power nowadays effer
thanks to dedicated hardware platforms, graphicaids;
clustered of PCs or even cloud computing. Howevérile
machine vision capabilities were improving, designd
productions followed the same trend leading to nfashion
and more complex products, creating the need tceldpv
systems able to control the 3D aspects of comglexsifape
and in composition) objects. 3D scanning has beesstigated
for several years and most of the proposed appesaafsume
a diffuse or near diffuse reflectance of the obgestirface. The
broad literature on the subject is usually divided active and
passive techniques. Active light techniques, whaseecent
review is proposed by Blais [1], include laser mrsganning,
coded structured light systems, digital holographgl time-of-

assumptions about the interactions of the lighhwlie object
surface and are not yet ready to be implement#iteimdustry.
This paper presents some of our recent work, ifetudhape
from induced fluorescence [5], scanning from Hepf{it6-17]
with an extension to metallic objects, as well hapge from
polarization [18] with a multispectral extensior9]land to
compare them to the most relevant technique preddant[2]
and [3]. For each aforementioned technique, ourpatso
presents videos illustrating on-line scanning of nno
conventional objects.

The rest of this paper will therefore consist afrfdifferent
parts and is organized as follows: the first pailt present
focus on the scanning from heating. After presentire theory
beneath the method, results obtained in the caspedular
objects and transparent objects will be displayéd second
part will be devoted to the shape from polarizatiechnique.
After presenting the general aspects, highlightitige

flight scanners whereas passive techniques are lymaingeaknesses of the original method [12], we will seret

various options so as to remove the ambiguities thon



azimuthal and zenithal angles, enabling the systelve used
for transparent [18] as well as metallic object8][IThe last
method later called “shape from induced fluoreseémdll be
presented in the third part. The concept and twiteréint
methods of active scanning by mean of a line coiatpwill be
presented. 3D reconstructions of transparent abjeetde of
glass or plastics will be presented. For theseetimethods,
deviation maps between golden standard obtainet wit
commercial active lighting scanner or a touch prsbanner
and our systems will be presented so as to adsesgturacy
of each method.

In the fifth part, we will attempt to conclude anthssify
each of the presented techniques using criteria sisctime
complexity, calibration requirements, equipment tcos
accuracy, versatility, a priori needed, possible-lioa
implementation within an industrial environment.

Il.  SCANNING FROM HEATING

To address the problem of 3D acquisition of oplycal
challenging surfaces such as polished metallic abbjeglass
objects or plastic objects, we propose a non-ccivesl
infrared approach. In the field of 3D digitizatiothermal
images are rarely used. Nonetheless, in the fid¢lchan-
destructive testing, some “active thermography’htegues
can be found in the literature; for example, Bodaad Egee
[25] shows how to detect cracks in metallic matsridue to
wear. Thanks to a moving photothermal probe, thep@se to
approximate the dimensions of the crack according prior
theoretical classification. The first research ssdo consider
thermography to extract complete 3D information ever
conducted by Maldague and Pelletier [26], [27] tbehnique
is called “Shape from Heating” and its first goake® improve
the detection of sub-surface defects by pulsedhtbgraphy.
In the 3D shape approximation stage (the accuracyot
evaluated), the thermograms can be corrected bgvien the
temperature variations resulting from the non-pléyaf the
surface. More recently, some researchers took eemest in
combining temperature measurements and 3D
reconstruction by implementing a stereovision syste the
far infrared spectral band [28], [29] or the nearadred [30].
However, the difficulty to extract features for dermatching
from stereo images is still an open problem [31].

The work presented in the following part of the gajs a
method that unifies 3D digitization abilities ontigally non-
cooperative surfaces: the Scanning From Heatingd$E6],
[17], [35].

A. Working Principle

The principle of this technique is different froasdard
active triangulation technique in the sense thatneasure the
thermal radiation emitted from a heated point adteof
acquiring the reflection of a visible light pattesn the surface.
Assuming that infrared emission distribution is adimectional
for most materials, we can deal with specular @neefractive
surfaces, regardless of the scanner position. To thio
digitization, an infrared laser source is geomatiyccalibrated
with a thermal sensor to extract a cloud of 3D fsoiftom
infrared images. If the wavelength of the laserrseuis

correctly selected, the technique can be appli¢derion
transparent surfaces or on specular surfaces. kampde,
radiative behavior of glass objects tends to bélairto opaque
ones if the incident wavelength is above 10 pum (no
transmission). For specular metallic objects, ientdradiation
should belong to the near infrared spectral baretabse
absorptivity values are higher and thermal emissim occur.
In both cases, since the emission of infrared temfiais
omnidirectional, the acquisition of a point is tiotited when
the surface gradient is high. This aspect was atillopen
problem for reflection-based scanners when acquiemon-
Lambertian surface.

Knowing the thermophysical properties of common
materials, we have built a theoretical model oftleahanges
induced by the technique. The energy balance ikiatesl for
the three exchange modes that are: conductionection and
radiation. We finally obtain partial differentiabeations that
are solved in 3D using a finite element numericdler. The
simulation results [35] help to validate the fediibof the
technique on dielectric or metallic materials angtedict the
best settings of the system (incident power, ptitse) for a
given surface. Indeed, the generated heated paisittt be
intense enough to be detected by the sensor Ishibitld not
exceed a temperature limit, which would lead to agimg the
surface by melting or marking. According to the patations
on materials that are commonly used in industryp tw
experimental devices are proposed for each categdry
challenging surfaces: transparent and specular ones

B. Experimental Setups

A first SFH-based prototype has been implemented i
order to handle specular metallic objects digitaat To
demonstrate the feasibility of our method, a fagstem was
mounted on a 3-axis moving table [35] but the saapn
process was particularly long and the optical dquadf the
laser beam was not sufficient. In order to avoidcihamical
vibrations and increase the accuracy of the scgnrimovel
system was designed (see figure 1). In particular,

shapgalvanometer scan head is inserted:; it reducesfisamtly the

dimensions of the system and improves the scansjegd
and quality thanks to two mirrors. The differenttpaof the

experimental setup are described below.
Spejular objed
to s ‘an

Automatic |
acquisition and
3D reconstruction

Galvanometer
Scan Head

Figure 1 — Photo of the sanner prototype

The fiber laser source emits at 1.07um and its poaeges
from O to 50W. Concerning the choice of the inciden
wavelength, we can rely on the numerous databdsagstioal



constants in the literature ([10], [11]). Inde€kle absorption
coefficient of metallic surfaces tends to increageen the
wavelength decreases, that is why the laser wagtieshould
be chosen in the near infrared spectral band. Tptecad
components are three lenses that are assemblaagkhtbe
laser optical path, focusing the laser to a 0.44peam waist
at 500mm with a 200mm depth of field. The galvantane
scan head is made up of two mirrors deflectingldlser beam
with 150prad step. The IR camera contains a bolemet
detector, sensitive to Long-Wavelength ([8-13] um).

In order to deal with transparent surfaces, a sta@tup
has been designed. The basic structure of thersyistsimilar
to the previous one, but some significant diffeemnbave to
be noted. The X-Y translation is realized with awving
platform. This system is slower than the galvan@metirrors
but is able to reconstruct larger objects up to1&B«30cm.
The heating source is a G@ser and emits radiation at 10.6
pm, with a maximum power of 400mW. The quantity of
energy is enough to heat a dielectric surface siitse
emissivity value is extremely higher than for mitabnes.
The spectral band of sensitivity of the IR cameralifferent
from the system described above. The laser wavtiesiguld
not be included in this band so that neither dirlacter
radiation nor reflection can be detected. Consetyethe
used detector is sensitive to MW band ([3-5] um).

C. Calibration method

Before the acquisition step, it is necessary tangeacally
calibrate the laser-camera system. The systems dhat
described in the last section use the same cabbrptinciple.
In the following part, we detail the calibration tined for the
galvanometer based system. Because the Rayleigjthlexf
the laser (equivalent to the depth of field) isatiekly long,
we assume that there is no geometrical aberramthe laser
calibration is only based on the calculation of aterinsic
parameters, i.e. two rotations that are given byhea
galvanometer mirror. The electrical signals thanowand the
mirror motors are linearly related to the defleatianglesa
and a,. The experimental determination of this relatien i
performed to know the position of the laser beaat th used
for the scanning process.

Mobile plane \

I— IR Camera

Figure 2 — Calibration method

The world frame is attached to the rotation cewfethe
galvanometer scan head. After laser calibratiop, st& have
to compute the transformation between the worldn&aand
the image frame. The principle of the method we ehav

implemented [34] is based on the rules of projectieometry.
As illustrated in figure 2, a calibration plandrianslated along

Z direction, perpendicularly to the laser incidemteection.
For each known positior{i,j) of the beam, the plane is
translated intok positions in Z (at least three) within the
desired measurement zone, describkngntersection points
pik. For each sampled position of the laser ray, ¢abration
parameters are computed. The first two parametersttee
coefficientsa; and b; of the equation of the straight ling;
described by the pointp’y, which are the corresponding
points ofpy in the image projection frame. Then the relative
positionD in pixels of every point is computed on each line
Aij:

ik :‘ P _plijOH 1)
with p’jo the corresponding 2D point of the intersection
between the laser beam @f) position and the plane at the
first positionZ,,.

One can demonstrate that the relation between the
coordinateZ,and the distancBj is given by the following:

— G Dijk + dij (2)

‘ elj Dijk +1
where ¢;, dj, g are the three others parameters of the
calibration.

Knowing these five parameters and the angle paosdfahe
beam(a; a), we can compute the three world coordinates of
the considered poinpy from the 2D coordinates of its
corresponding poinp’x in the image frame. The poiptjy is
localized in the image frame after several sucuessieps of
image analysis: background substraction (basedernnmage
acquired before the laser pulse), gaussian fiftlegmentation
of the heated spot (based on region growing arotied
intensity maximum), subpixellic computation of tleentral
point of this spot, and orthogonal projection aktpoint on
the corresponding ling;. This stage is iteratively repeated for
each position of the laser beam to scan the whaollace of
the object to be digitized.

D. Results and discussions

1) Metallic materials

Experiments were conducted on different materials
(specular or not) with various geometries. Regquiesented in
figure 3 are obtained with a scanning window of A @@ints
(40rowsx40columns). The laser beam orientations are
regularly spaced by 0.3 deg. The incident laserguashosen
for the four examples is respectively 6W, 20W, 2&kd 10W
and the pulse duration is 100ms. An example of the
measurement accuracy can be given by the estimafidime
cylinder diameter from the fitted surface to the 8bud of
points: our result is 67.899mm whereas the refereli@meter
measured by a touch-probe scanner is 68.001mm, hwhic
means that the error is only 102um. Concerningetteample
of the spoon, a comparison has been computed hettiee
points that were acquired by the SFH-based scaandra
reference cloud of points measured with a commlescenner
on the powdered surface. The average distance3jgrn4and
the standard deviation of the error distributiod "8um. The



error is mainly localized on the edges, where #raing step
of the scanning is not narrow enough. The work gumed in
[35] gives a detailed evaluation of the performamdethe
technique by introducing a comparison with a comeel
3D acquisition system. It also highlights the medmtribution
of SFH application to metallic surfaces: unlike estlexisting

parameters to depth in the observed scene leaditigetnew
concept of “shape from polarization”, and estalitigha
bridge with the earlier theory developed by Horid][$ the
context of “shape from shading”. The aim of thepgh&rom
polarization technique is to measure the normaaah point
and then to obtain the whole surface by integratiérthe

techniques of acquisition that are based only oe thnormals field. The shape from polarization was &gpby

interpretation of specular reflection of visibleght, our
technique can operate with similar accuracy onudéf and
specular surfaces, in other terms the performamcéonger
depends on the roughness of the surface.

2) Dielectric materials

To prove the versatility of the Scanning From Hegti
method, digitization tests have been performed evemsl
transparent objects (see [36] for further detai®me of them
are presented in figure 4. As shown in the twd fiesults, the
feasibility has been validated for complex transparglass
objects. To quantify the digitization accuracy, eempare our
results to the models generated by conventionalrgrafrom
the powdered surface. For a set of five glass tdbjet this
category, the average deviation ranges from 150t 360
pm. Figure 4 shows that it is also possible toagpt method
to plastic material. The plastic bottle has beesomstructed
with an average deviation of 200 um.

N

Figure 4 — 3D Digitization results obtained by Séitransparent surfaces

Ill.  SHAPE FROMPOLARIZATION

A. Background

In the early 1990s, cameras able to recover tlogrmdtion
based on the polarization state of the light, wemgerging.
Wolff [20-21] was one of the pioneers when designia
polarimetric camera with applications dedicatedmiaterial
identification and separation of diffuse and spacul
components in the observed scene. Afterwards, Raife2-
23] and Saito [24] showed the possibility to lindlgrimetric

Miyasaki et al. [38-40] and Ferraton et al. [19] fansparent
objects and by Morel et al. [18] for their metallbounter
parts. The two later ones, emerging from our resegroup,
are presented thereafter.

B. Shape from polarization principle

The principle of polarization imaging relies on the
following principle: after reflection, a non-polaed light
wave becomes partially linearly polarized accordingthe
normal to the surface and the optical index of raerial at
the point of incidence. A partially polarized waweay be
defined by three parameters which are: the ligternisity I, the
degree of polarizatiop and angle of polarizatiog. The two
latest parameters are respectively linked to zehidmgle 6
and the azimuthal anglep through the Snell-Descartes
relations. Therefore measuring the degree of a#dn p
and angle of polarizatiof enables to infer the normal at each
point by means of the zenithal angl@and the azimuthal angle
@. This normal field is then integrated to recoves 8D shape
of the object. The study of the state of polar@atof a light
wave requires a rotating polarizer placed in frait an
orthographic camera or a combination of active coments
acting as a rotating polarizer [41]. The relatiapsbetween
the measured intensity, Ithe total light magnitude,j, the
polarization angle¢ and the orientation angler of the
polarization filter is given by:

| Of
I, (@) :ﬁ(pcosea— 20)+1) 3)
where the degree of polarization is defined by:
pzlmax_lmin 4)

l max +l min
And it is equal to zero when the light is not pided and

equal to 1 when the light is linearly polarized ufi

corresponds to the incident angle equal to the Bt@wvangle.

Equation (3) can also be written as:
,(a) :%(SO+810052a+stin2a) (5)

where §, S; and $ are the unknown Stokes parameters [42]
expressed as:

SJ = IIOI
S =l COS2¢ )
S, = ol SiN2¢

The purpose of the polarization imaging is to clataul,,
p and¢ through formulas (3) and (4) or (5) and (6). Wedis
the second solution, by taking 18 images with tbéanizer
turned of 10° between each acquisition, and sdieesystem
using least mean squares. This solution is morastodigainst
noise compared to the evaluation of the parametemigh



equations (3) and (4). The Fresnel formulae thaviges
relationship at media interface between incidesftected and
refracted light show that the azimuth anglean be inferred
from the angle of polarizatiof:

= +£ 7
<0¢_2 (7)

In other words, the reflected light is linearly tally
polarized orthogonally to the incidence plane. Téigiation
raises an ambiguity that can be solved by usingaetive
lighting as presented by Morel et al. [18].

C. Applications

1) Applications to metallic surfaces

The “Shape from Polarization” method was succelsful
extended to specular metallic surfaces in [18]. firfaén point
is that the refractive index of metallic objectcemplex and
the relationship between the degree of polarizatiand the
zenith angléd is different from what was found by Myasaki et
al. [40]. Indeed, the following approximation isquéred to
simplify the equation:
[A]=n%(1+x*)>1 (8)

The relation is valid in the visible case [43] athbles to

obtain:

_  2ntargsing 9
P) tar’fsin®6+ | A ©

The difference between the true degree of polaoaand
its approximation is insignificant. The functionvgnh by the
relation (9) is bijective for metallic surfaces, a9 is lower
than 80°. Since for most objects, slopes are lowm
80°(continuous surfaces with smooth slopes), thisreno
ambiguity concerning the determination of the an@le
according to the degree of polarizatign ; contrary to
dielectrics (this aspect will be tackled later @n fransparent
objects).

a) Acquisition setup

The acquisition system is made of a CCD camermu|
crystal polarization rotator, and an active diffudme light
(figure 5). The active diffuse dome light is usedttb to
provide an unpolarized light on the whole surfacé & solve
the ambiguity concerning the azimuth angle. Siietarget
object is highly specular, it is placed in the eerdf the dome
to be illuminated on most part of its surface. Afteflection
the light which becomes partially linearly poladzes
analyzed with the liquid crystal polarization ratatand the
camera. The liquid crystal polarization rotator satike a
rotating polarizer, which can electrically be cofitrd.

Figure 5 — Experimental setup

This device uses nematic liquid crystal cells asged
with a linear polarizer, and a quarter wave platdich
provides tunable polarization by changing the siepl
voltage. The proposed system is therefore fullpauagtic and
it takes 7.5 seconds to get a 1024x1024 heightemag

b) Results

The three-dimensional reconstruction of surfacdmised
to the acquisition system accuracy and to the ¢lgbape.
Thus, instead of comparing the shape reconstruimah
different devices, the normals of calibrated spheveere
compared.A perfectly specular metallic hemisphere, with a
refractive index equaled 1i=1.94+5.29 , was used with the
polarimetric system whereas a mat hemisphere wed with
the two based on triangulation: the Replica 50thisea and
the MinoltaVI-910 scanner. It was found that theoerfrom
the polarimetric system is quite random and homegas on
the surface except on the center, where the norrasds
oriented near the optical axis. It is both dueh® hole in the
dome and to the degree of polarization that becowesg
small in this region. Indeed, in this case the ectfbn
coefficients are nearly the same, increasing dligtan
uncertainty concerning the angtg Table 1 presents the
normals mean error with, € [0,80°] for two different size
hemispheres and shows the good accuracy of theipelaic

system to compute the surface normals.
Table 1 — Mean error on normals acquisition

Sphere diameter| Pola. system Replica Minolta
41.275 mm 0.0695 0.0882 0.1034
44.450 mm 0.0644 0.0614 0.0790

The three-dimensional inspection of highly refleeti
metallic surfaces remains a delicate task in inthlstision.
Many systems exist and are efficient to discrinéngeéometric
aspect defects [44] but unfortunately they cantvide 3D
shape information that is essential to reveal tiepe defects
on decorations from metallic objects made by stag@nd
polishing (figure 6-(a)). With the polarimetric $gm, the
three-dimensional surface of a reference objexbisputed by
shape from polarization. The three-dimensionalaagfof the
objects to be inspected are also computed and cedhpa the
reference one. After registering the two shells thean
deviation between the surfaces is computed (figufle)) and
the shape defects can be efficiently discriminated.

L + (b)

Figure 6 — Three-dimensional inspection of speatédects by polarization
imaging: (a) photograph of the object, (b) deviativap computed from
Shape from Polarization

2) Transparent surfaces
a) Background
As presented earlier, the concept of shape from
polarization, that proved to work well for metallgurfaces,
was first introduced for transparent ones [12]this case due
to the lower value of the Brewster angle, some rapsions



have to be made in order to leave this ambiguihgesithe
curve of the degree of polarization is not bijeethA first
approach was based on image segmentation [45] where
whole object is in the field of view and spatialat®nships
within pixels and initial guess (or knowledge) betslope is
propagated in the algorithm. Another approach cieisin
applying a slight tilt to the object and measure Wariation
(first derivative) of the degree of polarizationrgspect of the
zenithal angle [38]. A final approach introducedMyasaki et
al. [40] consists in a double measure of the degrée
polarization: one in the visible and one in theanéd domain
of the spectrum. However the method, if proved torky
requires from a practical point of view the usetwb setups:
one in the IR, one in the visible. The setup inlRemplies to
heat the object and to observe the emitted wave (u
thermal radiation) by using an adapted IR sensfiicantly
sensitive. A strong assumption is therefore needada
homogenous temperature of the object so as to aanid
dependency on the wavelength of the radiated (th@nvave.

b) A multispectral solution

At the contrary, a more general concept based en t

wavelength dependent shift of the curve of the eegof
polarization can be introduced [19]. At two distinc
wavelengths the curve of the degree of polarizatersuso,
are crossing near the Brewster angle (see figueg. 7f
measured accurately, these information can enalilgdr the
degree of polarization and remove the ambiguity tbe

IV. SHAPEFROM INDUCED FLUORESCENCE

A. Background

The novelty of the proposed approach lies in the
exploitation of the fluorescence generated at thjeab surface
under the irradiation of a UV Laser using a specifi
triangulation approach associated with a fluoresegpoints
tracking method [5]. A similar approach with thening of a
commercial scanner was recently proposed by Osbi@b [4].

B. Fluorescence points tracking method

A tracking approach based on fluorescence intensity

modelling has been carried out to perform the f#goence
point extraction algorithm in the presence of neisedeed,
some inter-reflection (figure 8) induced by the efed
visible fluorescence light perturbed the identifica and the
localization of the fluorescence point. Represenitedany
shape, noises are mainly caused by the incidere aighe
excitation UV ray (thus related to the object’s @awith an
intensity which is more or less accentuated by dhgct's
horoperties. The emission spectrum specific to eactsidered
application material [5] led us to model the flussence point
intensity using Gaussian distribution to deal withises.

zenithal angle [46]. This was done thanks to the availability

of electrically controlled retarders that can beely tuned
thanks to a proper calibration procedure. The jmation state
of the reflected light is studied through the u$a @rototype
composed of several elements: a color dome ligheleagths
(472nm, 513nm and 655nm) to control the lightingditions
and illuminate the object with a non-polarized tighn optical
analyzer composed of a combination of an electyical
controlled liquid crystal variable retarder (LCVR),polarizer
and a quarter wave plate. The method proposed brgtba et
al. [19] uses a Saliency operator to detect theragpiate
voltage necessary to assume proper polarimetrétioot The
calibration was performed for the three wavelengthd the
results on a sphere where the slope can providectieh
beyond the Brewster angle shows the feasibility tioé
approach (figure 7). We have also recently repogenice
extension of this method in the mid-IR range (9 |47]).

(b)

Figure 7 — (a) Average degree of polarization réedrfor different plate tilt
for the three wavelengths and complex index estimatb) Reconstruction of
a sphere object and deviation map.

Figure 8 — Zoom of the tracked fluorescence points

Therefore, the fluorescence tracking is done in si@ps
for each analyzed image:
- A basic global threshold is first applied on thege in order
to segment pixels of high intensity in the chanwéen the
highest emission is expected
- The thresholded pixels’s RGB components are tssd to
verify the Mahalanobis distance criterion as inapn (10).
The intensities of pixels representing the lasasriéscence are
preliminary modelled by a Gaussian distribution feach
considered scanned material. Considering RGB spase,
distribution k) is characterized by a mean vecfar and a
covariance matrixy related to the intensities of a given class
of the material fluorescence. Gaussian parametertearned
from few training images. Hence, to track the fesmence
spot for a materialk) which Gaussian parameters are defined,
one verified that for each given pixel if its ingéty | satisfies
the inequality expressed below:

D, () =y(1 - 4) L1 - ) <T, (10)
Where Dy is the Mahalanobis distance for a given

intensityl towards a considered class of distributikpand T,

a threshold defined by the maximum Mahalanobisadist

calculated from the training data used to estintaeGaussian

distribution parameters. Consequently, all pixelssfying the




inequality (10) correspond to the fluorescence ¢goand the
centroid spot pixels whose intensity’s value am lilghest is
computed to select the representative fluorescpood to be
reconstructed. Figure 8 is an example of the trackesults.

C. Experimental setup and results

a) Transparent objects

The initial practical setup (figure 9) is composdd fixed
UV laser (266 nm) associated with a fixed classigaible

RGB CCD camera. Under UV irradiation, the transpare

surface emits a visible light in a diffused mandee to the
induced fluorescence. Bright spots (width estimaied~4x2

mm on a flat surface) are then imaged by the camedaused
to estimate the object's depth according to a ¢pgetion
approach from a structured light source identicathte one
presented in the Scanning from Heating section.iruthe
acquisition, the object to be digitized is placedaotranslation
table (MM4005 4-axis Motion Controller/Driver: Newom,

which offers accurate horizontal and vertical disgiments
(the error is never greater than 2% foranlmotion). Thus,
(X'Y) 2D coordinates are preliminarily defined (isdation of
the table) while the depth Z is to be estimated thg

triangulation scheme. Results on more than 10 reiffe
objects of various shapes, various materials (glalsstic...),
and various thicknesses were reported [5].

Fgure 9-— xperimental configuraion for the painanning approach

b) Metallic objects

Using the point scanning approach, encouraging
preliminary results were obtained on highly specula
aluminum objects (see figure 11). We are currently
investigating further metallic objects in orderftdly validate
the method.

@ (b)
Figure 11 — (a) Original metallic (aluminum) suda¢) 3D data cloud
obtained with the point scanning method

V. CONCLUSION

Table 2 summarizes the pros and cons of all teciesiq
either presented here or in the references [2]af@] [4]. The
shape from induced fluorescence [5] or the sindpproach
proposed by Osorio et al. [4] provides good, vdeand
accurate results. It offers the greatest potetyialior
industrialization. The Scanning from heating, agestn the
cost, has proven to be reliable and accurate foth bo
transparent and specular surfaces. Whereas Shape fr
polarization gave good results for highly refleetiobjects, its
extension to transparent surfaces is still at éihedatory stage
due to the tedious calibration of all the opticamponents;
however its extension in the infrared spectrum gegms very
promising and should therefore be fully investigatié has to
be noted that accurate results for complex tramsparbjects
were also obtained by Hullin et al. [15] but themBrsion

While comparing our measurements with those eithephase prevents this method to be implemented with t

obtained with a commercial scanner (once the objece
being coated with a diffuse coating layer), the mdaviation
error can be as low as 100 pm (see figure 10) sigpwhie
high accuracy and the huge potential of this newhoe (as
also demonstrated by Osorio et al. [4]). On thesottand, the
accuracy is highly affected by the number of santppoints
(the displacement of the object through the trdimsiatable)
and therefore highly affects the time needed tty fetan the
object. We have also proposed an extended versigarterate
a line scanner by inserting a hemi-cylindrical levithin the
beam, which is aimed to reduce the acquisition @evell as
the processing time.

00000
60000
1.20000
" 0.80000
40000
00000

otal distribution:
100.00000%

average

+

@ (O ©

Figure 10 — (a) Original plastic glass, (b) plagi@ss digitized with our
method, (c) associated error map

industry.

Table 2 — Comparative table of different digitipati
techniques on non-cooperatives surfaces

T
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4'!% 2, e, %, Q’f% %,
o, 5. O .. 5,
%, ’7:.9 %% B%'%, %(r ’0‘9 %, %,
Shape frum T.nclucecl Fluur#sce-gce vl v 1, 157
or multi-wavelength range imaging
Scanning from Heating v|x|v v v [16]. [17]. [35]
Shape from Polarization x [18-19]. [37-40].[46-47]
Shape from Distorsion V|V x| = x| v [6]1.[15]
Light Path Triangulation V] x| x|v| x| x 71
Shape from Tomography x| x| x x [10]
Polarization and phase shifting v | x| x x| x [13]
Multipeak range imaging | x| x| x| x [11]
v Optimal

Good
¥ Not so good
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