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ABSTRACT
Stereoscopy is well adapted for performing three dimen-
sional partial reconstruction. Classical stereoscopy uses con-
ventional scalar images for representing three dimensional
objects. Thus all the necessary tasks (segmentation, classi-
fication, edge detection, correspondence matching) are per-
formed on the classical scalar images. For some particular (a) Scalar image (b) Polarimetric image
cases like improperly illuminated scenes, camera blindness
by a bright edge response and for transparent objects detec-
tion, scalar images do not provide us with the reliable foun-
dation from which precise three dimensional partial recon-
struction can be performed (bad segmentation, hidden con-
tour, undetected region, false classification). The object of
this paper is to show how, very simply, by controlling the
polarization state of the imaging system we can overcome
the above mentioned problems. On the conceptual level, the

qontribution of polqrimetry to th‘? Stereoscopy V,Vi" be high- Figure 1:(a) Camera blindness by a bright edge response, (b) elim-
lighted by a quantitative analysis of the precision of threenating the edge response effect by changing the polarization state
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dimensional reconstruction of objects. of the incident and analyzing systems, (c) histogram of the poorly
illuminated object, (d) by changing the polarization state we have
1. INTRODUCTION managed to obtain a satisfactory histogram distribution.

In classical stereoscopic image acquisition for three dimen-

sional partial reconstruction used in industrial objects app“'tion, thanks in particular to the Fresnel response of the in-

cation and quality control we always encounter difficultieSig s a5 “coupled by the diffusion related to the surface in-
with the light sources positioning. The bad positioning of

) X ) X homogeneities, see Fig.1. Such a method, the polarimetric
these light sources can directly affect the image quality of th?mage%y, naturally reprgsents a solution for the phF))/sicaI con-

object (low contrast level, undetected contours, bright edg?traints to which are subjected the conventional stereoscopy.
response, camera blindness) and thus it will enormously af-

fect the three dimensional reconstruction precision. These
problems are usually treated by changing the position of the 2 MUELLER IMAGE
light sources and thus we may have for each object under '

investigation specific light sources positioning which is del-The astonishing accurate dependence between the polarimet-
icately not practical and time consuming. A good approachic information extracted from a given object and its material

to automatically test the quality of the image is by testingproperties and shape still the point of admiration of many sci-
the histogram distribution of the intensity values. If the his-entists working in the branch of polarimetry. we define po-
togram graph contains high peaks on one of its extremitielrimetry as the sciences of measuring the polarization state
we say that we are encountered with an ill-illuminated imagef light which can be characterized by four real intensity
and we must modify the light position and illumination. In parameters called the Stokes parameters usually expressed
addition to that, having for example a given scene with mul-as four dimensional column vector called the Stokes vector,
tiple source positions and we have encountered problems B =[S, S;,S,, Ss]". The general transformation between the
detecting an edge so we have planed to make some changgsident Stokes vectd;,, and the emergent Stokes vector

in the light positioning to try to appear the badly illuminated S, resulting from a linear interaction with an optical system

region or this undetected edge, it is not obvious to knovor a sample can be described b4 & 4 real matrixM called
which light source position we must modify and in which the Mueller matrix.

direction. In active optical imagery, having the possibility of

modifying the polarization of the illumination source and of Sin =M -S¢ 1)

the analyzing system makes it possible to reveal transparent

and hidden contours and to attenuate the intensity cominilueller calculus can be applied to incoherent states, it can
from bright edges, without changing the light source posi-describe polarized, partially polarized, or unpolarized light
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Figure 2:Experimental system setup. LS: incoherent light source,
C: collimator, Ry v: horizontal and vertical linear polarizets; »:
rotating quarter wave plate8, 6’: angle of rotation with respect to
the fast axis, IF: interferential filter centeredat= 6328 nm, a:
view angle position of th®SA.

and can quantify depolarization. We define Mueller matrix
image as two-dimensional measurements of the Mueller ma-
trix attached to each pixel. Such image can reveal contrasts _ _ o _ _
between two different zones that have the same intensity ré-igure 3:Mueller image of four geometric objectayy is the in-
flectivity. The latter point has encouraged us to benefit fronfENSity image. In imagets we have identified a transparent square
the Mueller image when making stereoscopic reconstructio at was impossible to be detected within the intensity image.

of three dimensional objects because the Mueller image is

more adapted to overcome problems of the |II-|IIum|nat|onFig_4_ We must keep in mind that we are working with phys-

conditions of the scene and can detect transparent objegs,, polarimetric images, this explains the presence of the
while conventional images fail to accomplish these tasks, S&g,y sical realizability test, see section 3.3. This test consti-

Fig.3. tute a necessary step when treating any polarimetric image.

My

2.1 Experimental setup

In our laboratory we are using a classical active Stokes- Object Under Test
Mueller imaging polarimeter [1], made up from an incoher- m
ent light source, two linear polarizeR{,R/), two quarter

wave platesl(;, L) and an interferential filter followed by a

CCD camera, Fig. 2. The polarization state generf&86G, Gamera % T’T/@ Camera
alibration

can generate different polarization states by rotating, with an

angle8, its input quarter wave plate.{) fast axis with re- H‘magmqum“"“ |<%<‘;’>
spect to the reference vertical axis. On the other side, the po- [ Distortion] _ — [ Distortion
larization state analyzePSA furnish us changing analyzer Correction Correction

basis by which we will be capable to analyze any imping-
ing wave. The received intensity upon the CCD camera is Matching
formed from a linear combination between 8G, the ob- pr——
ject under test characterized by its Mueller matrix and the
PSA, it takes the following form,
Figure 4: Stereo-polarimetric structure for three dimensional par-
(016,61 8) = Alxa-Maya- Gaxk (2)  tial reconstruction.

whereG andA are thePSG and thePSA matrices respec-
tively andk,| are the numbers of angle positioAs6’ that 31 The epipolar geometry

o[wo images of a single scene are called stereoscopic images.

ting our matricesA, G and measuring the scattered intensity YSing the pinhole camera model [2], stereoscopic images
upon the CCD camera we can obtain the Mueller image fofan be. related by a geometrlcal poplanar|ty constraint called
; dhe epipolar constraint. The epipolar geometry can be ex-

pressed mathematically by3ax 3 singular matrix F) called

the fundamental matrix [3]. The matrix allows us to re-

Mas—=Al 1, .Gt ®) duce the correspondence search area, for every pixel
x4 ax1 " Ixk Skxa imagel, to a single line lying on image2 called the epipolar

The superscript denotes the matrix Pseudo-inverse. Théline rather than searching all the pixels in image2. In Fig.5,

only condition for Eq.(3) to be realizable is that the matriceshe pointsM, m, m'.C;, C;, e and € lie in the same plane
A, G are invertible, thugk, 1) > 4. called the epipolar plane. For every point correspondence

m = [u,vi, 1" andn{ = [U,V/,1]" we can write,

applying the following inversion,

3. STEREO-POLARIMETRIC IMAGE .
PROCESSING m'From =0 (4)

For stereo-polarimetric three dimensional partial object reThe fundamental matri¥ can thus be determined up to a
construction a well convenient structure is illustrated inscale factor using 8 point matches satisfying Eq.(4).
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M=[X.Y.Z,1]

Epipolar Plane points lying on the Poincarsphere can be visualized within a
surface map of the Degree of Polarization. In Fig.6 we notice
the effect of a given Mueller matrix on the Poineaphere.
The points of contraction and extraction on the map defines
the diattenuation axis of the Mueller matrix.

— -—— -—— -~ Epipolar line I'm

,,,,,,,,,,,,,,,, Epipolar line Im*
Figure 5: Stereoscopic images are related by the epipolar geom- 52 e
etry. M: 3D point in the spacel,V: image coordinate system.
C1,Cy: camera focal pointe, €: epipoles.mandn’ are two corre-
sponding points lies on the epipolar lin€mthat arises from the
projection of the lin€C;M on image2.

. L Figure 6: Degree of polarization surface plot for a non uniform
Knowing the camera intrinsic parameters (focal length, OPgepolarizing Mueller matrix.

tical center, ...) and the rigid displacement between the two
optical centersC; andC,, we can also determine the funda-
mental matrix by geometrical calculatiéig;, as, 3.4 Correspondence matching
Fgy, = AgTTRAI 1 (5)  After restricting the correspondence search area over the
. , i i epipolar line, which is a direct consequence from the copla-
whereAy ; are the camera intrinsic matrices, defined in S€Charity constraint, we must find the exact pixdlin image2
tion 3.2, for cameral and camera2 respectivelis an anti-  |ying'on the epipolar lind/m that corresponds to the point
symmetric matrix charac'_cerlzmg the translation between thé, i imagel.
two optical centers anR is the 3D Euler’s rotation matrix The method consists of calculating the fundamental matrix
between the two cameras coordinates axis. by both ways using Eq.(4) to calculafa, and by exactly
L . . . controlling the rigid motion fronC; to C, we can calculate
3.2 Camera calibration and distortions correction Fgy, as in Eq.(5). In our laboratory we have a horizontal
We have carried out the calibration procedure based on a pldisplacement between the two cameras, soFfe funda-
nar square rig shown in Fig.4, the formalism proposed irmental matrix will always produce horizontal epipolar lines.
[4, 5] was used to calculate the planar homographies betweédn the other hané, was calculated using the normalized
images. After that, the camera intrinsic parameters can be egight point algorithm [8] from different point matches fol-
tracted by having at least two images of the square rig takelowed by a nonlinear minimization of the Sampson distance
with different orientations (Rotation+Translation). [9].
The estimation of the distortion parameters was performedhe pixel by pixel correspondence matching technique con-
separately from the camera calibration using the single viewists of searching, for a given poimtin image1l, for the inter-
technigue described in [6, 7]. In this technique we take im-section point between the two epipolar lines arising from the
ages for purely straight lines and we calculate the deviatiotwo different methods of calculating the fundamental matrix.
of the images line from the reality. This small deviation canThe intersection pointn’ in image2 of these two epipolar

be then modeled as distortion parameters. lines is the match point ah, Fig. 7.

3.3 Physical realizability of the Mueller image o

When applying Eq.(3) on each pixel of the captured intensity v m=[u, v, 1] 512’”

images we risk to obtain some pixels that are not physically / S Fg,,m
significant because not evedyx 4 real matrix is a physical . N

Mueller matrix. A physical Mueller matrix is a matrix that, / N

for all the incident physical Stokes vect@;f), the output M=, v 11
of Equation (1) is always a physical Stokes vec®g)( A Image | Image2 N,

method to test the physical realizability of a Mueller matrix is

to test the Degree of PolarizatidDoP, of the output Stokes Figure 7: Pixel by pixel matching technique. The poimt is ob-
vector for all the physical combinations of an incident Stokegsained from the intersection of the two epipolar lines.

vector lying on the Poincarsphere,

2 2 2 3.5 Three dimensional reconstruction
DoP — I polarized _ Sel+Ses+Se3 © i i ucti

ltotal Seo In this section we present experimental results made on a

simple object where we have resolved the problem caused

For a physical Mueller matrix the conditions @&} are: by a bright edge response by means of polarimetric treat-

0< DoP <1, Seo>0andSqg < Sing- For totaly polar- ments. Firstly, we have recorded the measured intensity im-
ized light,DoP = 1. The distribution undertaken by all the ages from the CCD camera for the object at argle o,
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then the Mueller image was calculated using Eq.(3). The
same thing is done but after changing ®8A view angle

to a = ay, hence we have managed to form a set of stereo-
polarimetric images. Secondly, after performing an image

o EpipolarLine (a) Leftimage (b) Right image
o, Optical Axis 92

(c) 3D Reconstructed object

cl Viewing Lines Figure 9:Three dimensional partial representation of an industrial
object using stereo-polarimetric images.
Figure 8:Performing 3D reconstruction by triangulation from two
image corresponden€.,: Camera optical centeiO »: Optical
axis. m,m': Two matching pointsM is the reconstructed 3D posi- response than normal cells. Then to use the stereovision to
tion. locate the three dimensional positions of these cells.
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